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ABSTRACT 
This project aims to investigate the parameters that affect the swell factor used in 
design and reported volumes for different parts of the mining process and cast 
blasting methods at various locations around Callide mine. 
 
The Callide coal mine along with most mines worldwide have been using a swell 
factor as a variable in open cut mine design and volume removed calculations 
throughout history. 
 
At Callide coal mine a swell factor with now unknown origins or validity is being 
used. The current swell factor appears to be correct which can be seen by design 
being achieved however, after the annual Audit by Anglo BCO, the validity of this 
figure has been requested. As well as validating the swell factor, this report aims to 
predict the swell factor for future cast blasting applications. 
 
This report is an investigation and includes the identification of the properties 
affecting the swelling of overburden material during the drill and blast process. 
These properties include those within the drill pattern design, explosives used and 
the geological makeup of the overburden. The report then validates the swell factor 
through measurement using traditional survey techniques. Upon identifying the 
drill, explosive and geological properties and the swell factor, the use of projection 
modelling and linear regression techniques for the analysis are employed. This is to 
discover which of the design and geological properties affect the swell factor the 
most and attempt to predict site specific swell factors based upon them.  
 
The research needed to investigate the previously mentioned aims is based in their 
relative industries and professions. These include the mining industry, surveying 
and spatial science, geology and geotechnical engineering, drill and blast 
engineering, mathematics and data analysis. 
 
This investigation will provide background knowledge and a review of the literature 
applied, information on the application and methodology used and a detailed 
analysis of captured data and resulting conclusions for the swell factor. 
 
The exploration and use of survey techniques employed for calculating the swell 
factor and the data collection and analysis will use aerial scanning, I-Site terrestrial 
scanning, three dimensional modelling as well as standard survey procedures. 
 
The geological study has required research into geological properties, in specific 
those affected by the drill and blast process, the lithology of Callide mine and 
methods of testing and acquisition. 
 
Research into drill and blast engineering includes desired fragmentation size and 
maximum cast, the effect of drill and blast techniques on the overburden and which 
properties affect a change in overburden volume. 
 
To obtain an accurate prediction of the swell factors a model must be created that 
amalgamates the information from the three professions, eliminates superfluous 
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data and has the ability to be validated. To facilitate this, projection modelling and 
linear regression techniques are used in an effort to identify the a priori components 
to mathematically and graphically represent the relationship of properties within the 
data sets and the swell factor.  
  
Developing a method of calculating the overburden swell factor will greatly affect 
mine design and reporting. If the swell factor is accurately known there is a 
possibility that design constraints can be tightened leading to better equipment 
utilisation, time management and an overall increase in efficiency. An increase in 
efficiency will lead to improved production and ultimately enhance capital gain. 
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GLOSSARY OF TERMS AND ABBREVIATIONS 
         
ABS Absolute Bulk Strength. A detonation parameter to 
express energy by volume. 
 
ANFO  Ammonium nitrate fuel oil (ANFO) consists of small 
granules of ammonium nitrate (AN) which are coated 
with fuel oil (FO). Explosive used in dry blasting 
conditions. 
 
AUTOCAD A computer aided design software application for 2D and 
3D design and drafting. 
 
AWS Absolute Weight Strength. A detonation parameter to 
express energy by weight. 
 
BCM Bank Cubic Metres. Measurement of the bank cubic 
metre of rock in-situ before it is blasted or drilled. 
 
Buffer Occur when material from the pre-stripping process is 
pushed over the edge of the high wall and material builds 
up from the toe at an angle of natural repose. 
 
Bulk density Weight of rock and is measured in grams per cubic 
centimetre (g/cc). 
 
Cross Validation Method A technique for estimating the performance of a 
predictive model. 
 
Burden & Spacing The „face burden‟ is the distance from the blast hole to the 
nearest free face and „burden‟ is generally referred to as 
the space between the rows of holes. Spacing is the 
distance between blastholes perpendicular to the burden 
usually 1.15 times the burden spacing. 
 
Effective energy Explosives measurement measuring the amount of energy 
a user can expect to have available for useful work. 
 
Fortan™ Coal 13 An emulsion explosive designed for open cut mining in 
de-watered holed blasting conditions. 
 
FORTIS An emulsion explosive designed to be used in wet 
blasting applications. 
 
Free space Classified as being unconfined. Usually the previously 
mined pit is the open free face however when 
perpendicular pits intersect i.e. the blast is on a corner, 
than the blast may have two free faces. 
 
GPS Global Positioning System. A space-based global 
navigation satellite system (GNSS) that provides location 
and time information for anywhere on earth that has an 
unobstructed sight of four or more GPS satellites. 
 
LCM Loose Cubic Metres. The gross quantity measurement 
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after blasting or excavation. 
 
Maptek Processing software for mine, quarry, geological & 
topographical scanning. 
 
Minex A geology and mine planning software tool used for coal 
and other stratified deposits. 
 
MLR Multiple Linear Regression. 
 
Moisture content Refers to the amount of water contained in a rock mass or 
sample. 
 
MPa Megapascals. Commonly used to measure stiffness of 
materials when in reference to solid matter. 
 
Muckpile  
MW 
 
Megawatt. A unit of power equal to one million watts. 
 
NIPALS Non-linear Iterative Partial Least Squares. The standard 
algorithm for computing partial least squares regression 
components. 
 
Overburden The material removed before the coal seam is revealed 
and undergoes change caused by excavation. 
 
PCA Principal Component Analysis. A statistical analysis 
technique that extracts a small number of hidden factors 
from a massive amount of multivariate data which 
account for most of the variation in the data.  
 
PLS Partial Least Squares.  A statistical method for projecting 
predictive and observable variables. 
 
Poissons Ratio The ratio of deformation of rock under load - by 
stretching the sample in one direction, it will likely 
become thinner in the other two directions. 
 
Precipice stone Massive cross bedded and jointed quartz sandstone of 
Jurassic age showing no conformity overlying the coal 
measures.   
 
Quaternary Alluvium Top surface to be removed prior to benching. It is 
primarily made up of topsoil and current creek wash. 
 
 
 
RBS 
 
 
Relative Bulk Strength. A detonation parameter used to 
compare an explosive‟s bulk strength against that of 
ANFO. 
 
RMSE Root Mean Square Error. Measures the difference 
between values predicted and values observed. 
 
RMSEC Root Mean Square Error for the calibration swell factor. 
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RMSEP Root Mean Square Error for the predicted swell factor. 
 
RWS Relative Weight Strength. A detonation parameter used to 
compare an explosive‟s weight strength against that of 
ANFO. 
 
Stemming This is the inert material placed in the blasthole on top of 
the explosive to confine the explosive energy.  
 
Subdrilling The process of drilling beyond the desired height of the 
new bench or seam and occurs in designs with stiffness 
ratios less than two. 
 
Swell factor Variable that describes the transformation of material 
volume in situ (BCM) to that removed by excavation 
(LCM). 
 
SVD Singular Value Decomposition. 
 
Terrestrial Scanning  Laser scanner that provides detailed and highly accurate 
3D data rapidly and efficiently. 
 
Tertiary flood basalts These basalts are arranged conformably over the 
Precipice Sandstone. Tertiary sediments vary from 
sandstone to thick sandy, silty clays. 
 
Total Station An electronic theodolite and optical instrument used in 
surveying. 
 
UCS Unconfined Compressive Strength. The strength of a 
rock/soil sample when crushed in one direction. 
 
VOD Velocity of Detonation. The velocity with which the 
shockwave traverses an explosive charge on detonation. 
 
Young’s Modulus Measures the rock‟s ability to withstand stretching or 
compression. 
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Chapter 1 Introduction 
1.1 Project Topic 
An investigation into the parameters that affect the swell factor used in volume and 
design calculations at Callide open cut coal mine. 
 
1.2 Project Background 
The Callide coal mine is an open cut mining operation providing low sulphur, sub-
bituminous thermal coal primarily for Queensland‟s domestic power generation. Its 
measured coal reserves approximate at 225 mega tonne with annual production of 
10 mega tonne of saleable coal. The reserves cover approximately 176 square 
kilometres and contain seams up to 26 metres thick. 
 
The Callide coal mine along with most mines worldwide rely on the constant 
analysis of all workings to ensure the removal of coal is performed in the most 
efficient manner. The in depth knowledge gained by this analysis allows future 
design parameters to be tightened, better machine utilisation and a possible increase 
in target volumes. 
 
Each year the mine is audited by Anglo Brisbane Corporate Office (BCO) who can 
request additional information or direct compliance in any process or mining 
method at any time. The annual audit endeavours to ensure each of the Anglo 
American mines are operating to standard. In January 2011 Anglo BCO requested 
validation of the swell factor applied to the overburden removed by cast blasting in 
the monthly reporting.  
 
Overburden is the material removed before the coal seam is revealed and undergoes 
change caused by excavation. One of these changes is an increase or decrease in 
volume from its original in situ volume and this change is known as the swell or 
shrink factor. For the purpose of this project we will use the term swell factor. 
 
The swell factor is used at Callide mine as a variable that is applied to excavated 
material to obtain the in situ materials volume which essentially shrinks the 
excavated material. Or it is applied to in situ material to obtain the swollen volume 
of future excavated material. For example, if a block of material is excavated using 
drill and blast methods it is necessary to know the swollen volume will fit within an 
intended void. The Callide mine has been using a swell factor of 1.18 for open cut 
mine design and volume removed calculations throughout its history. At Callide 
coal mine this variable has been assumed to be the same around the entire mine site 
regardless of the geological make up of the strata and the mining method employed.  
 
After an investigation into the origins of the current swell factor of 1.18 only a small 
passage within the Callide Blasting Manual (2006) mentions a minimum swell 
factor of 1.1 and a maximum swell factor of 1.3. The manual then states that an 
average of 1.18 is achieved. Besides this mysterious average no other proof or form 
of validity could be found. 
 
This however does not mean that the swell factor is incorrect. The current swell 
factor has been used for at least the last decade and appears to be correct which can 
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be seen by the swollen overburden removed almost equalling that expected from 
design. It is not uncommon for a particular variable to develop over time through 
trial and error. 
 
An action was handed down from the Technical Services Manager to the 
Engineering, Geology and Surveying departments to fulfil the request from Anglo 
BCO. Upon accepting the action I saw an opportunity to not only prove and validate 
the swell factor using traditional surveying techniques but to also predict and 
determine the overburden swell factor for specific mining areas with different 
geology and drill and blast parameters. 
 
This project topic has been chosen to allow the Callide mine surveyors and 
engineers to confidently devise pit designs and report overburden volumes and 
comply with the requests of Anglo BCO. 
 
1.3 Project Aim 
 
The project aim is to investigate the parameters that affect the swell factors used in 
design and reported volumes for different parts of the mining process and mining 
methods (drill and blast) at various locations around the site to validate and predict 
the swell factor. 
 
1.4 Research Objectives 
 
1.4.1 Objective 1: Identify the properties affecting the 
swelling of overburden material 
 
There are a range of variables affecting the amount of overburden swelling. These 
must be identified, understood and correlated to know the weight in which they each 
individually affect the overall swelling.   
 
1.4.2 Objective 2: Selection of geological swell affecting 
properties 
 
The selection of geological variables affecting the overburden removed swell factor 
needs to be those that can be measured within the geological methods employed by 
the Callide coal mine. These variables need to be assessed and possible assumptions 
made for the variables to be measurable without specialised equipment or personnel.  
 
1.4.3 Objective 3: Identify the affect of different drill 
pattern design parameters 
 
Different drill pattern parameters will produce different key variables that affect the 
overburden swell factor. An investigation of these methods must be performed to 
gain an understanding of what key aspects directly affect the overburden swell 
factor. 
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1.4.4 Objective 3: Identify the affect of different 
explosive parameters 
 
An investigation into the explosives and their parameters used in the drill and blast 
process is required to understand how they may affect the swell factor. 
 
1.4.5 Objective 4: Obtain the swell factors using survey 
methods 
 
In order to find the relationship between the geological composition and mining 
methods used and the overall overburden swelling, the swelling must be measured. 
A method using survey techniques and the resources supplied by the Callide mine 
will be required. 
 
1.4.6 Objective 5: Analysis, Testing and Evaluation 
 
Upon determining the different properties that could possibly affect the overburden 
swell factor it is required to develop a model that relates the a priori information to 
final swell factor using analysis techniques. Once this model is created testing on an 
independent data set will be performed and evaluated for validation. 
 
1.5 Scope of the Project 
 
This project does not seek to be an exhaustive text on all mining methods and 
subsequent swell factors, but has been developed as a resource into swell factors 
specifically for Callide mine and their desired outcomes. 
 
Initially this investigation was to also include the swell factors produced by the 
movement of overburden by the dragline. As the investigation continued and the 
research made distinct diversions between the required data for cast blasting and 
removal by dragline it was realised that the initial project specification, refer to 
Appendix A, was going to be beyond the scope of this investigation. Upon referral 
to the Engineering and Surveying supervisor the validation and prediction of the 
cast blasting swell factor was desired, thus the following research investigates the 
validation and prediction of the swell factor by cast blasting alone. 
 
1.6 Justification 
 
The requisition for the swell factor validation is an attempt to rectify a possible 
problem in the volumes reported to Anglo BCO. As Anglo BCO is the manager of 
standards and practices within Anglo mine sites throughout Queensland, it has been 
their responsibility to develop a system to ensure all mine sites use the most 
efficient methods for mineral extraction. This has been achieved by annual audits of 
each of the mines in Queensland that aim to identify areas of non compliance. This 
system has identified the lack of validation of the swell factor for overburden 
leading to uncertainty in the reported overburden volumes. It is therefore necessary 
to examine the issues raised by the audit, so that the confidence in reported 
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overburden volumes can be restored and that the Callide mine is performing at its 
full potential. 
 
 
 
 
 
  
5 
 
Chapter 2 Literature Review 
 
2.1 Introduction to Swell Factors 
 
Swell factors are used in the civil and mining industries around the globe. It is a 
variable that describes the transformation of material volume in situ or better known 
as Bank Cubic Metres (BCM) to the volume removed by excavation known as 
Loose Cubic Metres (LCM). The purpose of knowing the swell factor for a 
particular material is great and includes but is not limited to; engineering design, 
volume reporting, cost analysis, machinery performance and contract applications.  
 
2.2 Background 
 
The information necessary to complete the project has been gathered from a large 
variety of sources. The sources found at the Callide mine include papers, studies and 
opinions from employees, data sets and models. As much of the resources held at 
Callide mine are unpublished, the quality control regarding the content is minimal 
and is largely site specific. As the methods, processes and theorems are currently 
utilised give regard to the weight of the resource validity as does the station of the 
authors and their literature and opinions. 
 
Other information was gathered externally from the mine for specific tasks within 
the project. Some information was readily available such as geological text however 
information directly related to swell factors produced by mining methods calculated 
by a mathematical model has not been found. Instead research into the application 
of analysis methods in particular, multivariate analysis and regression techniques, 
has been necessary. The aim of this literature review will provide an examination of 
the researched material and assess its significance to the project topic.   
 
2.3 Swell Factor 
 
Obtaining the swell factor is not a difficult equation. It is simply the division of the 
loose cubic metres (LCM) by the bank cubic metres (BCM). Initially obtaining the 
LCM and BCM can prove to be difficult and arduous but essentially requires no 
further investigation as the survey techniques used for data acquisition and volume 
calculations are all tried and tested. Why the volume changes on the other hand is 
not such an open and shut case. Limited literature can be found specifically on the 
relationship between excavation method, material type and the swell factor. This 
investigation aims to answer such questions as: what causes the volume of material 
to change when excavated? What is the swell factor largely dependent on? Is it the 
excavation method used? Or is it the type of material to be excavated? Or is it both?  
These are important question that need to be answered in order to achieve the 
outcomes of this investigation.  
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Figure 1.1 Calculating swell factor  
 
By investigating the material makeup and excavation method it is hoped that 
particular parameters will surface indicating why the volume of material has 
changed. As this investigation is aimed at the swell factor created by material 
removed by cast blasting, the geological properties and cast blasting process need to 
be dissected and understood before analysis can be performed. 
 
Physically, the act of excavation breaks up the soil into particles and clods of 
various sizes. This creates more air pockets and results in an increase in the soil‟s 
void volume. An increase in volume also results in a decrease in density. This 
decrease in density and increase in volume varies between soil and rock type. 
 
Pore size and density is greatly dependant on particle size and investigating the 
change in particle size due to fragmentation from the cast blast process forms the 
basis to predicting the swell factor. The degree of fragmentation depends on the 
geological parameters of the material to be excavated, the drill pattern design and 
explosives used in the cast blast process.  
 
In the article written by Sharma, PD (2010), it states that there are two types of 
variables that optimal fragmentation from design and blasting depends upon - 
uncontrollable factors and controllable factors. The uncontrollable factors consist of 
the properties of rock, geology of the deposit, rock strength and properties, 
structural geology, presence of water and rock factor. The controllable factors are 
the geometry of the design parameters, types of explosives and their properties and 
initiation sequence. 
 
2.4 Geological Properties 
 
Rock is a natural composite material which includes voids, inclusions and grain 
boundaries. If we can imagine that the area we would like to mine is one giant rock 
than we can say that it is made up of many minerals with different planes and joints. 
When it is excavated this one giant rock is turned into many smaller rocks which 
upon settling contain larger than original pore size. The swelling and shrinking of 
rock is largely associated with particle size and moisture content. 
 
In order to identify the geological properties of the material to be excavated the 
lithology of Callide mine is required to be identified. Refer to Figure 2.2. 
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Figure 2.2 Lithology of Callide mine 
The Quaternary Alluvium forms the top surface and is primarily made up of topsoil 
and current creek wash.  The Quaternary Alluvium ranges in depth (0.1m- 6m) and 
structure (gravels to loam) and is removed prior to any benching (Callide mine 
2006). 
 
Breccia dykes and extensive flood basalts correlate with increased tectonic activity 
in the Tertiary. The tertiary flood basalts form extensive irregular hilltop capping 
and palaeogully infillings throughout the Callide Basin, these basalts are arranged 
conformably overly the Precipice Sandstone. Tertiary sediments vary from 
sandstone to thick sandy, silty clays.  The flood basalts are generally removed as 
part of the truck and shovel pre-stripping process (Callide mine 2006). 
 
Precipice Sandstone is massive cross bedded and jointed quartz sandstone of 
Jurassic age showing no conformity overlying the coal measures.  The Precipice 
Sandstone is generally slightly weathered containing some weak sandy bands and is 
up to fifty metres in thickness in current mining areas.  The Precipice Sandstone is 
considered to be highly abrasive, with quartz content in excess of 90%. The 
precipice sandstone will be the main layer under scrutiny as it will make up the 
largest part of the material to be blasted (Callide mine 2006). 
 
It is important to have a good understanding of the geological effects on blast 
performance as blasting results are strongly influenced by rock properties and 
structure.  
 
2.4.1 Geological Effects on Swell Factor 
 
Blasting results and the resulting swell factor are influenced by rock properties and 
structure more so than by explosive properties (Callide Blasting Manual 2006). The 
physical rock properties influencing the swell factor are compressive strength, 
tensile strength, Poissions ratio, Youngs modulus, bulk density and moisture 
content. These properties have been explained below. 
 
Unconfined Compressive Strength (UCS) is defined as the strength of rock under 
compression in one direction (uniaxial) without restraint (Allaby A & Allaby, M. 
1999). The UCS is tested on undisturbed samples and is used to measure the 
shearing resistance of cohesive soils. When the limit of compressive strength is 
reached, the sample is crushed. Its use is limited on granular soils, however it 
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provides a good test for more complex strengths. For example, concrete structures 
will have a higher MPa rating than, for instance, sandstone structures.  
 
Tensile strength is defined as the strength of rock under tension.  
 
Poissons ratio is the ratio of lateral deformation to longitudinal deformation under 
load, which is basically when the sample is stretched in one direction it will likely 
get thinner in the other two directions (Callide Blasting Manual 2006).  
 
Youngs modulus is a measurement of the rocks ability to withstand deformation – 
the higher the number the harder the rock will be to break (Callide Blasting Manual 
2006).  
 
Bulk density varies significantly throughout differing rock types because of 
mineralogy and porosity. Bulk density, according to Encyclopaedia Britannica 
(2011), is the weight of rock and is measured in grams per cubic centimetre. 
Knowledge of underground rock densities can assist in interpreting subsurface 
geologic structure and rock type.  
 
Moisture Content refers to the amount of water present in rock or soil samples. A 
study was done by Mammen, Saydam & Hagan (2009) which tested the effect of 
moisture content on rock cutting performance. This study tested samples of 57mm 
sandstone cores. The results from this test concluded, among other things, that the 
samples in their natural state if they contained any minor amount of water, was 
enough to reduce the cutting performance, in comparison to the samples which were 
saturated. The presence of water in rock can alter its properties and behaviour 
particularly if clay is present. Clay can deform and soften the structure of rock, 
which leads to a reduction in its strength. Therefore it can be seen, that it is the 
moisture content of the rock in its natural state that affects the physical properties of 
the sample which in turn, can affect the resulting swell factor. 
 
2.5 Explosive Factors 
 
An explosive is a substance which can rapidly convert to high-pressure gases (and 
high temperatures), when initiated. This is the process of detonation (ISEE 1998). 
To place this into context, a litre of high explosive will expand to approximately 
1000 litres within milliseconds, creating pressures within a blasthole of around 10, 
000 MPa. Temperatures rise quickly (ranging from 1650-3870 degrees Celsius) and 
the velocity of detonation (VOD) is so large that the power is approximately 25,000 
MW from a single charge (ICI 1997). 
 
Explosives can be categorised as either dynamite, wet gels/slurries or emulsion 
explosives (ISEE 1998). At Callide Mine, the type of explosive used depends on the 
presence of water within the blasthole.  
 
The Callide Mine uses three types of explosives which are within the emulsion and 
slurry categories: 
 
- ANFO: suitable for dry blasting applications and is classed as an 
emulsion explosive. Ammonium nitrate fuel oil (ANFO) consists of 
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small granules of ammonium nitrate (AN) which are coated with fuel oil 
(FO). When used in a hole with too much water, the granules cake 
together and usually fail to detonate (Orica 2010). 
 
-  Fortan™ Coal 13: suitable for de-watered holes and is classed as a 
slurry explosive.  
 
- Fortis™ Coal: suitable for wet blasting applications and is also classed as 
a slurry explosive. 
 
All three are manufactured by Orica, an Australian owned company (used to be ICI, 
British owned). These explosives can complement each other. A combination of 
ANFO and Fortan™ Coal 13 can be used for dry and de-watered holes. For 
instance, a dry hole may use a large percentage of ANFO and a small percentage of 
Fortan™ Coal 13, and a de-watered hole may use a high percentage of Fortan™ 
Coal 13 and low percentage of ANFO. 
 
There are many parameters that influence the performance and selection of an 
explosive; these include velocity of detonation (VOD), density, effective energy, 
detonation pressure, sensitivity, water resistance, physical characteristics, fume 
characteristics and storage life. The explosive properties relevant to this discussion 
are VOD, density, and effective energy (ICI 1997). 
 
 
 
2.5.1 Velocity of Detonation  
 
The Velocity of Detonation (VOD) is defined by ISEE (1998) as the speed with which an 
explosive charge sends shock waves on detonation. This is an important variable to 
consider when calculating the detonation pressure of an explosive. Many factors 
affect the VOD, including explosive type, explosive charge diameter, degree of 
product confinement and temperature. For example, an explosive with a low VOD 
will have a lower impact on rock fragmentation, rock displacement, ground 
vibration and airblast than a higher VOD.  
 
Typical VOD of ANFO is 2.50 - 4.80 km/s, Fortan™ Coal 13 is 3.1-6.3 km/s and 
Fortis™ Coal is 3.7-6.5 km/s. 
 
2.5.2 Density 
 
Density of explosive is the packing density when an explosive is packed into a drill 
hole. The density determines the sensitivity, VOD and critical diameter of the 
charge (ISEE 1998). It is measured in terms of grams per cubic centimetre (g/cc) 
and most commercial explosives range from 0.8 g/cc to 1.6 g/cc (ISEE 1998).  
 
Density of explosives used at Callide Mine is ANFO at 0.8, Fortan™ Coal 13 is 
1.28 and Fortis™ Coal is 1.15-1.25. 
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2.5.3 Effective Energy 
 
Not all of the explosive energy for a blast is utilised, some of it is wasted (e.g. 
vented to atmosphere, lost as heat) therefore effective energy is measured as the 
amount of energy a user can expect to have available for use (ICI 1997). The 
detonation selection performance parameters are the measurements of Relative 
Weight Strength (RWS), Absolute Bulk Strength (ABS), Absolute Weight Strength 
(AWS) and Relative Bulk Strength (RBS).  
 
Absolute Weight Strength (AWS) is the maximum explosive heat energy based on 
the ingredients in the explosive.  
 
Relative Weight Strength (RWS) is the explosive‟s absolute weight strength 
compared to ANFO. An explosive‟s RWS is equal to its AWS divided by ANFO‟s 
AWS. 
 
Absolute Bulk Strength (ABS) is energy per unit of volume and is equal to the 
explosive‟s AWS multiplied by its density. 
 
Relative Bulk Strength (RBS) is an explosive‟s bulk strength compared to ANFO. 
An explosive‟s RBS is equal to its ABS divided by ANFO‟s ABS. 
 
AWS and ABS were always used as the standard measurements of explosive 
energy. However, as explosive materials have improved, the introduction of RWS 
and RBS was made to give an improved representative indication of their strength 
by comparing them against the known standard energy release of ANFO. 
 
2.6 Drill and Blast Design and Methods 
Figure 2.3 Picture of Cast blast showing the  
overburden into the old pit 
 
Stated in the article written by Sharma, PD (2010) the fragmentation of material is 
based on uncontrollable and controllable factors. Drill and blast design and methods 
is regarded as a controllable factor. The drill and blast design elements listed were; 
diameter and depth of drill hole, inclination and sub-drilling depth of drill hole, 
height and material of stemming, bench height, spacing to burden ratio, blast size, 
direction and configuration, buffers and free faces, and the powder factor. How each 
of these parameters affects a blast requires investigation in order to allow theoretical 
discussion pertaining their effect on the swell factor. 
11 
 
 
Two main sources of information helped gain an understanding of the drill and blast 
design parameters; these were the Callide Blasting Manual (2006) and ISEE 
Blasters Handbook (1998). Refer to figure 2.4 for a visual explanation of drill 
pattern design parameters. 
 
 
Figure 2.4 Drill pattern design parameters 
Blasthole diameter: The selection of the blasthole diameter is a key factor in 
efficient blasting. The maximum suggested diameter (mm) should be equal to the 
bench height (m) multiplied by 17 (Callide Blasting Manual 2006). The use of 
blastholes greater than the suggested maximum can result in hole deviation and 
improper energy distribution. There is an optimal cost to performance ratio that 
should be achieved. The smaller the hole the better uniform distribution of explosive 
energy, however as this requires more holes to be drilled, longer loading times and 
more explosives, efficiency usually lowers to account for cost.  
 
Burden and Spacing: There are two types of burden. The „face burden‟ is the 
distance from the blast hole to the nearest free face and „burden‟ is generally 
referred to as the space between the rows of holes. Burden spacing should consider 
bench height, rock hardness, structure, explosive used, desired displacement and the 
required fragmentation. The burden has a “burden stiff ratio” which is equal to the 
bench height divided by the burden. Low stiffness ratios generally require relatively 
higher energy factors to produce uniform fragmentation, produce higher vibration 
levels and excessive over break. 
 
The spacing is the distance between blastholes perpendicular to the burden usually 
1.15 times the burden spacing. To produce optimum energy distribution results this 
burden and spacing ratio must be staggered (Callide Blasting Manual 2006). 
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Figure 2.5 Blast pattern configuration,  
staggered and square 
 
Subdrilling: Subdrilling is the process of drilling beyond the desired height of the 
new bench or seam and occurs in designs with stiffness ratios less than two. 
Subdrilling should be minimised as much as possible to reduce damage below grade 
i.e. the coal measures and to control costs. 
 
Stemming: In order to confine the explosive energy, inert material is placed in the 
blasthole on top of the explosive to confine the energy. This material is known as 
stemming.   
 
Inclination (angle drilling): 
Angle drilling has several 
advantages and disadvantages. The 
advantages generally relate to the 
performance of the blast. These 
include better energy distribution, 
reduced overbreak, better floor 
control, improved highwall 
stability and an increased initial 
trajectory for cast resulting in a 
looser, lower muckpile (Callide 
Blasting Manual 2006). The term 
muckpile is used to describe the 
resulting, fragmented rock. The 
disadvantages associated with angle drilling as listed in the Callide Blasting Manual 
(2006) are; a longer time for drill rig set up, specialised staffing, generally shorter 
drill bit life, greater hole deviation and higher drilling cost per metre. 
 
 
 
 
 
 
 
 
Figure 2.6 Bucyrus 39R drill drilling 
inclination holes 
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Direction and configuration: The direction and configuration of the blast is 
generally determined by the spacing and burden ratio. As mentioned earlier for 
optimum energy distribution results the pattern should be staggered. To direct the 
blast the burden dimension should be perpendicular to the desired direction of 
displacement (Callide Blasting  Manual 2006). The following figure 
demonstrates the relationship between the burden and desired displacement. 
 
 
 
Buffers and Free faces: A free face is classified as being unconfined. Usually the 
previously mined pit is the open free face however when perpendicular pits intersect 
i.e. the blast is on a corner, than the blast may have two free faces. Buffers occur 
when material from the pre-stripping process is pushed over the edge of the high 
wall and material builds up from the toe at an angle of natural repose. Buffers can 
affect the blast by cushioning trajectory of the cast blast. For optimal cast blast 
performance buffering should be avoided. 
 
Powder Factor: Powder factor is defined as the amount of explosive per unit of 
rock ISEE Blasting Handbook (1998). Cast blasting requires a higher powder factor 
in order to displace the overburden effectively.  
 
The many different drill design parameters that have been described all have a 
particular part to play in the fragmentation of rock. It is also noticeable that the 
parameters are interrelated with one another. From this part of the literature review 
we can see the importance of each parameter and the technicality of designing a 
blast and confirming their importance when considering any of the results. 
Appendix E shows the blast designs for the blasts under investigation. 
 
2.7 Data Analysis 
 
At present no information on the analysis of the overburden swell factor using a 
combination of geological and mining process data can be found. The construction 
of a model as previously described is a primary aim of this project and requires 
research in multivariate analysis and regression methods. 
 
Upon investigating the geological, drill and blast and explosive properties affecting 
the overburden swell factor a system of evaluating this data to identify relationships 
Figure 2.7 The relationship between 
the burden and desired displacement 
14 
 
between an extensive amount of parameters, within a series of samples and the 
resulting swell factors is required. 
 
Given large high-dimensional data sets have the capacity to be everywhere and 
growing in application, extensive literature on analysis techniques is available. The 
need for analysing and modelling techniques stems from the desire to understand the 
scientific and intelligent content in data sets that defy simplistic analysis. The 
application for analysis and modelling techniques is wide spread and includes 
industries such as remote sensing, weather prediction models, face recognition, 
internet traffic analysis, urban population dynamics and many more. 
 
Forms of analysis include the computational dissection, understanding of complex 
datasets through graphical and numerical representation and in certain cases have 
the ability to predict outcomes or future trends. Deciding which mathematical 
method to employ should be based on its ability to support possibly correlated or 
even collinear parameters and uncorrelated parameters. The method should also be 
able to identify the importance of each parameter for the desired result, to validate 
the results and to attempt prediction.  
 
Developed at the beginning of the twentieth century, multivariate statistical methods 
have gradually developed and their uses have expanded due to the invention of 
computers and their ever increasing processing and graphical representation power. 
Unlike univariate methods; an expression, equation, function or polynomial of only 
one variable, multivariate models have the ability to describe many variables and the 
possibility that they may be correlated.  As this is a statistical method, multivariate 
statistical methods refer to a range of techniques and procedures for analysing data, 
interpreting data, displaying data and making decisions based on data (Yang, K & 
Trewn, J 2004, ch. 1). Multivariate statistical analysis is therefore capable of 
supporting the requirements of and will be used for this investigation. The 
mathematics behind multivariate statistical techniques is beyond the scope of this 
investigation. However an overview of the methods, processes and applications of 
the different techniques is required for selection purposes and future result analysis. 
 
A second statistical analysis will be performed that treats the variables as being 
highly correlated. This analysis should use the information resulting from PCA in an 
attempt to identify variables (x) with high correlation. Upon identifying these 
variables it will then be used to predict future variables (y) based on these 
relationships.  
 
2.7.1 Principal Component Analysis 
 
There are many multivariate statistical methods each having its own use and 
application. Principal Component Analysis is primarily used for data reduction. It is 
a very powerful statistical analysis technique that extracts a small number of hidden 
factors from a massive amount of multivariate data which account for most of the 
variation in the data. The structures of these hidden factors can help a great deal in 
searching for the root causes for the variation (Yang, K & Trewn, J 2004, ch. 1). 
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Yang and Trewn (2004: p 99) provide the following formal definition of principal 
components analysis (PCA): 
 
‘Principal components analysis transforms the original set of variables 
into a smaller set of linear combinations that account for most of the 
variance in the original set. The purpose of PCA is to determine 
factors (i.e., principal components) in order to explain as much of the 
total variation in the data as possible’.  
 
Principal component analysis was developed by Hotelling (1933) after its 
origination by Pearson (1901). Other significant contributors to the development of 
PCA include Rao (1964), Jolliffe (1986), and Jackson (1991), (Yang, K & Trewn, J 
2004, ch. 1). 
 
Two main types of PCA exist, PCA based on covariance matrices and PCA based 
on correlation matrices. Other specialised PCA models have been developed 
however the two previously stated dominate the field. 
 
PCA based on covariance matrices uses variables that have the same practical or 
physical meaning as well as the same unit. If we were to use this method with our 
desired data set the results may not truly represent the data due to unit value of the 
variances. For instance if we tried to measure the variance for the kilograms of 
explosives used (likely a high variance) and compare it against the change in 
powder factor (likely a small variance) than the results produced would identify the 
quantities of explosives to be the root cause for the change in swell factor. 
 
PCA based on correlation matrices allows for the failings of PCA based using 
covariance matrices. The principal component analysis on correlation matrix is 
preferred because the multivariate random variables involved in our investigation 
are often different in meaning and measurement units.  
 
PCA based on correlation matrices will be used for the analysis of our data to 
identify the principal components within our data. 
 
2.7.2 Regression Techniques 
 
There are various regression techniques that attempt to find relationships between x 
variables and y responses. As the mathematics involved in the following listed 
regression techniques is beyond the scope of this investigation a brief overview of 
each will be sufficient to determine which method is best suited for the data set 
under investigation.  
 
Regression techniques use relationships between variables (x) to represent response 
variables (y). In this investigation the x variables will be the drill, explosive and 
geological parameters and the response variables will be the swell factors. Three 
main regression techniques exist that each performs similar but unique functions and 
are used for different reasons. These are Multiple Linear Regression (MLR), 
Principal Component Regression (PCR) and Partial Least Squares Regression 
(PLS). 
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The most well known regression technique is Multiple Linear Regression (MLR). 
MLR is characterised by its use for a single response value (y). It uses a set of 
independent variables (x) in linear combinations which correlate as closely as 
possible to a corresponding single response value. MLR would be suitable for the 
analysis however one of the requirements for MLR is that there is more sample data 
than independent variables (x). As there will likely be more x variables than samples 
this regression technique will not be used. 
 
Principal Component Regression (PCR) is a combination of both MLR and PCA. 
The x-matrix made up of predictor variables (drill, explosive and geological 
parameters) firstly undergoes PCA to identify the critical principal components 
(PC‟s) and then performs MLR. This method can be used for large data sets as after 
PCA is performed only a few PC‟s may remain that best represent the response 
value (y). MLR can then be employed as the number of samples will generally be 
greater than the number of PC‟s which act as the new predictor variables (x values). 
The variability in the response variables is described in PCR by creating 
components within the predictor variables and does not consider the response 
variable at all. This method of statistical regression could be used to analyse the data 
set. 
 
Partial Least Squares Regression (PLS) is similar to 
PCR by both methods being able to handle large 
data sets and both producing new predictor variables 
(x). The components of PCR are the new predictor 
variables formed as linear combinations of the 
original predictor variables. These do not include the 
response variables (y). In PLS the factors, the 
equivalent to PC‟s in PLR, are linear combinations 
of the original predictors as in PCR, however their 
construct is different.  There may be only a few 
underlying or latent factors that account for most of 
the variation in the response. The general idea of 
PLS is to try to extract these latent factors, 
accounting for as much of the manifest factor 
variation as possible while modelling the responses 
well (Tobias, R. 1995). 
 
PLS models both the X (predictor) and Y (response) 
matrices simultaneously to find the latent variables 
in X, denoted as T (or x scores) and the latent variables in Y, denoted as U (or y 
scores). The latent variables T are used to predict the latent variables U which are 
then used to construct predictions for the responses. This form of indirect modelling 
leads to models better able to fit the response variables with fewer components and 
is better suited for the analysis of the data. PLS will be used in the analysis. 
 
 
 
Figure 2.8 Indirect 
modelling (Tobias, R. 
1995) 
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2.8 Conclusion 
 
From the literature review several conclusions can be made that identify the 
requirements for a model that can predict the future swell factors from their drill, 
explosive and geological parameters. These requirements are listed in the following 
text however those requirements that cannot be met due to limits in resources will 
be excluded. 
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Chapter 3 Research Methods 
 
The aim of this project is to calculate a swell factor for overburden removed using 
components in a mining procedure and the amount of weight that they influence the 
overall swell factor. This information has been sourced from the Drill and Blast 
Department, Geology Department, Survey Department, additional text from external 
sources, Text from Callide Mine itself and practical testing. 
 
3.1 Resource Analysis 
 
The resources required to complete the project are those already owned, employed 
or contracted by the Callide coal mine. These include aerial laser scanning, 
terrestrial scanner and GPS. They also include the knowledge and duties of Survey 
department, Geology department, Drill and Blast department and Engineering 
department. Data and textual resources are also held within these departments and 
will be utilised regularly. 
 
The software used will be that supplied by the Callide mine and include Minex, 
Maptek, AutoCad, Microsoft Excel and Word. Additional software was obtained to 
for the analysis which is listed in Chapter 4 
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3.2 Test Sites 
 
 
 
Callide mine consists of four mining sites Dunn Creek, Central Valley, Trap Gully 
and Boundary Hill. Only Dunn Creek, Central Valley and Boundary Hill have been 
used in this investigation as, although not closed, there has been no recent mining 
activity at Trap Gully, refer to Figure 3.1 for site locations. The sites contain various 
pits again with their own names.  
 
Central Valley is divided into two pits Central Valley North and Central Valley 
South (CVN and CVS) i.e. CVN shows that the pit can be found in the north of 
Central Valley.  
 
Boundary Hill is divided into two pits, the north and south. However unlike Central 
Valley they are named by the strip (pit) number. The lower values are in the south 
and the higher values are in the north i.e. S29 indicates that it is the 29
th
 strip in the 
North and S21 indicates the 21
st
 strip in the south of Boundary Hill. 
 
Dunn Creek is divided into seven pits very close together. Mining only occurs in 
two of these pits - the Bluff and Hut Corridor. This is where the blast samples for 
Dunn Creek were taken. The Bluff is similar to Central Valley in its naming 
convention. BFN and BFS stand for Bluff North and Bluff South. The pit number is 
the suffix. An example is BFN3 or the third pit in the Bluff North. The Hut corridor 
is also similar however as this is a small area there is no reason to define its location 
besides the pit number. An example is HC01 or the 1
st
 pit at Hut Corridor.  
 
Figure 3.1 Site map showing mining operations at Callide mine. 
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The blast naming convention begins with the type of blast. There are several types 
of blasts performed at Callide Mine; Presplit (PL), Prestrip (PS) and Mainpass 
(MP). Cast blasting is performed mainly in MP blasts. MP blasts are the final blast 
to reach the desired coal seam and will form the new highwall.  
 
The blast number that identifies the particular blast follows the blast type. It does 
not mean the order in which each blast is fired. An example of a blast name is MP2, 
meaning Mainpass shot 2. 
  
The following table identifies where the samples were taken. 
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Table 3.1 Blast naming conventions 
  
Blast Site 
Location 
within the 
site 
Pit 
Number 
Type of blast 
Blast 
identifier 
Description 
CVN9_MP1 
C
en
tr
al
 V
al
le
y 
North (N) 
9 
Mainpass 
(MP) 1 
Mainpass blast 1 in the 9th pit 
at Central Valley North 
CVN9_MP2 North (N) 
9 
Mainpass 
(MP) 2 
Mainpass blast 2 in the 9th pit 
at Central Valley North 
CVN9_MP3 North (N) 
9 
Mainpass 
(MP) 3 
Mainpass blast 3 in the 9th pit 
at Central Valley North 
CVN9_MP4 North (N) 
9 
Mainpass 
(MP) 4 
Mainpass blast 4 in the 9th pit 
at Central Valley North 
CVN9_MP5 North (N) 
9 
Mainpass 
(MP) 5 
Mainpass blast 5 in the 9th pit 
at Central Valley North 
CVN9_MP5B North (N) 
9 
Mainpass 
(MP) 5B 
Mainpass blast 5B in the 9th pit 
at Central Valley North 
CVN9_MP6 North (N) 
9 
Mainpass 
(MP) 6 
Mainpass blast 6 in the 9th pit 
at Central Valley North 
CVS5_MP1 South (S) 
5 
Mainpass 
(MP) 1 
Mainpass blast 1 in the 5th pit 
at Central Valley South 
CVS5_MP2 South (S) 
5 
Mainpass 
(MP) 2 
Mainpass blast 2 in the 9th pit 
at Central Valley South 
S29_MP1 
B
o
u
n
d
ar
y 
H
ill
 
North (N) 
29 
Mainpass 
(MP) 1 
Mainpass blast 1 in the 29th pit 
at Boundary Hill North 
S29_MP2 North (N) 
29 
Mainpass 
(MP) 2 
Mainpass blast 2 in the 29th pit 
at Boundary Hill North 
S29_MP3 North (N) 
29 
Mainpass 
(MP) 3 
Mainpass blast 3 in the 29th pit 
at Boundary Hill North 
S28_MP1 North (N) 
28 
Mainpass 
(MP) 1 
Mainpass blast 1 in the 28th pit 
at Boundary Hill North 
S21_MP2 South (S) 
21 
Mainpass 
(MP) 2 
Mainpass blast 2 in the 21st pit 
at Boundary Hill South 
S21_MP3 South (S) 
21 
Mainpass 
(MP) 3 
Mainpass blast 3 in the 21st pit 
at Boundary Hill South 
S21_MP4 South (S) 
21 
Mainpass 
(MP) 4 
Mainpass blast 4 in the 21st pit 
at Boundary Hill South 
S22_MP1 South (S) 
22 
Mainpass 
(MP) 1 
Mainpass blast 1 in the 22nd pit 
at Boundary Hill South 
S22_MP2 South (S) 
22 
Mainpass 
(MP) 2 
Mainpass blast 2 in the 22nd pit 
at Boundary Hill South 
BFN3_MP2 
D
u
n
n
 C
re
ek
 
North (N) 
3 
Mainpass 
(MP) 2 
Mainpass blast 2 in the 3rd pit 
at Boundary Hill North 
BFN3_MP3 North (N) 
3 
Mainpass 
(MP) 3 
Mainpass blast 3 in the 3rd pit 
at Boundary Hill North 
HC01_MP1 NA 
1 
Mainpass 
(MP) 1 
Mainpass blast 1 in the 1st pit 
at Hut Corridor 
HC01_MP2 NA 
1 
Mainpass 
(MP) 2 
Mainpass blast 2 in the 1st pit 
at Hut Corridor 
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Each of the sites has unique drill pattern design, explosive type combinations and 
geology. These will be outlined during the following text explaining the methods 
used for data acquisition and the data results.   
 
3.3 Data Capture and Acquisition 
 
3.3.1 Geology 
 
Research into the properties of different rock types and their affect on blasting has 
been performed in the literature review.  
 
Geological information is gained from annual exploration programs, including chip 
holes, cored holes and LOX (limit of oxidation) holes. Generally only coal is 
sampled and analysed for quality determination. Geophysical logging tools are 
applied to all drilled boreholes, providing information about rock density, gamma 
response and various other characteristics.  
 
The boreholes that indicate the properties required can be divided in to two 
categories. Those that indicate the different types of strata through borehole logging 
and those that have been cored and laboratory testing performed.  
 
The identification of the strata and the percentage of each rock type contained 
within each blast were measured through geophysical borehole logging. The logging 
identifies different rock types through their gamma signature and identified and 
processed by the geology department. This is a painstaking process which takes a 
significant amount of time. The resulting borehole is entered into Minex, a three 
dimensional modelling and mining package, and the resultant profile depicted as in 
Appendix F. A borehole was then selected for each of blast, either in or as close as 
possible to measure the percentage of each material within the blast.  
 
In order to gain the approximate percentage of each material type at each blast the 
following steps were performed.  
 
Step 1:  For each of the boreholes the scale of the borehole plot was determined. 
 
Step 2: The target seam identified (acquired from the drill and blast plan 
corresponding to the blast. (See Appendix E) 
 
Step 3: The average drill hole depth was measured up from the target seam to 
indicated identify the height of the bench at drilling. 
 
Step 4: Each segment for each different material type was then measured and added 
together to give an overall amount for each material. 
 
Step 5: The amount material was then scaled back (m) and divided by the average 
drill depth to provide a percentage. 
 
Appendix G shows the percentages calculated for each blast. 
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The geological data pertaining to physical rock properties was gained from the 
geological data base. Originally core samples were acquired and tested by ACIRL at 
their Maitland laboratory on the 22
nd
 of December 2000 for the Callide mine 
Geology Coordinator at the time (name withheld). The samples were tested for 
indirect tensile strength, uniaxial compressive strength with Young‟s Modulus and 
Poisson‟s ratio and moisture content. From the report the methodology states that all 
testing and preparation was carried out to ISRM (International Society for Rock 
Mechanics) suggested method or to the relevant Australian Standard. Upon 
receiving the reports a spread sheet containing the information was created by the 
geology department.  
 
Not all testing was done successfully due to damaged samples. This unfortunately 
led to very few boreholes with complete results leaving only a small amount of data 
for analysis. Refer to Appendix G for the table listing the physical rock properties 
created from the original Geotechnical spreadsheet at Callide Mine. 
 
The Geological parameters for the sample set that will be analysed have been 
obtained.  
 
3.2.2 Drill Pattern Design Parameters 
 
Research into the properties of drill design parameters and their affect on blasting 
and fragmentation has been performed in the literature review.  
 
The drill design parameters have been obtained from the drill plans for each blast 
provided by the Drill and Blast Department at Callide mine. Each plan contains the 
parameters required for each blast. Refer to Appendix E for the drill plans used at 
Callide mine. From these plans the table in Appendix H was constructed. 
 
The powder factor was not present on every drill plan and was obtained from the 
loading plan (refer to Appendix I) however only a sample of the loading plan has 
been provided as the originals were requested to be withheld due to confidentiality 
reasons. The drill design parameters for the sample set that will be analysed have 
been obtained.  
 
3.2.3 Explosive Parameters 
 
Research into the properties of explosive parameters and their affect on blasting and 
fragmentation has been performed in the literature review. The explosives used at 
Callide mine are Anfo, Fortis and Fortan™ Coal 13. 
 
Some of the explosive parameters have been obtained from the load plans for each 
blast provided by the Drill and Blast Department at Callide mine however only a 
sample of the loading plan has been provided as the originals were requested to be 
withheld due to confidentiality reasons.  The information not identified within the 
Load Plan includes the percentages and the kilograms used of the different 
explosives. 
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The remaining explosive parameters; VOD, density, relative weight energy, relative 
bulk strength and absolute bulk strength have been obtained from the Technical 
Data Sheets for Anfo, Fortis and Fortan obtained from Orica. Refer to Appendix J. 
From within these data sheets the explosive parameters are listed and a table 
created, (Appendix K) for the explosive parameter set. 
 
3.2.3 Obtaining the swell factor  
 
The physically measured swell factor is required to 
discover the relationship between the drill design, 
explosive and geological parameters. The survey 
techniques used to measure the overburden swell 
employed a combination of aerial laser scanning, 
terrestrial laser scanning and normal topographic 
survey techniques using GPS and Total station.  
 
The data gathered was from blasts performed during 
the investigation and from historical data. It was essential that the methods of pick 
up were all as similar as possible to avoid including any erroneous data however this 
was not always the case. The cast blasting at Callide mine is surveyed and modelled 
as part of everyday work, however not all of the blast is required for the reporting of 
prime overburden shifted. 
 
The prime overburden shifted by 
blasting that requires reporting is 
the amount that does not need to 
be handled to uncover the new 
pit. This area is identified in 
Figure 3.3 as „Cast Benefit‟. As 
this is the area of concern in 
some occasions the extents of the 
survey did not include all of the 
blast. In this case areas missed 
were patched in with data from 
the monthly aerial laser scan.  
 
In other occasions both the pre blast 
profile and the post blast profile were 
captured by the aerial laser scanning.  
 
In each case both the pre blast and post blast surfaces are modelled using the Minex 
mining software. The following steps describe how the swell factor was obtained. 
 
Step 1: A perimeter is digitised around the blast extent careful not to include extra 
data in pre blast surface that is not also included in the post blast data. 
 
Step 2: The data is modelled using the triangulation tool in Minex 
 
Step 3: A volume is obtained for the pre blast volume by performing a „triangulation 
surface to RL‟ calculation embedded in Minex using the pre blast surface and a 
reduced level (RL) bound by the previously digitised perimeter. The reason for 
Figure 3.2 The I Site 
Terrestrial Laser Scanner 
Figure 3.3 Diagram of pre blast, post blast 
and post excavation 
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using an RL instead of a base surface is due to only half the base surface being 
available at the time of the blast i.e. the old pit void. Otherwise we would have to 
wait for the overburden to be removed. 
 
Step 4: Step 3 is repeated using the same RL but with the post blast surface.  
 
Step 5: Divide the volume of Step 4 by Step 3 to obtain the change in volume. 
 
Refer to Appendix L for an example of the calculations performed in Minex.  
 
Table 3.2 is of the swell factors gained from all the blasts at all the sites. 
 
  Blast Swell Factor 
C
e
n
tr
al
 V
al
le
y 
CVN9_MP1 1.010 
CVN9_MP2 1.056 
CVN9_MP3 1.030 
CVN9_MP4 1.056 
CVN9_MP5 1.015 
CVN9_MP5B 1.056 
CVN9_MP6 1.014 
CVS5_MP1 1.031 
CVS5_MP2 1.014 
B
o
u
n
d
ar
y 
H
ill
 
S29_MP1 1.167 
S29_MP2 1.163 
S29_MP3 1.184 
S28_MP1 1.177 
S21_MP2 1.198 
S21_MP3 1.184 
S21_MP4 1.179 
S22_MP1 1.196 
S22_MP2 1.193 
D
u
n
n
 C
re
ek
 
BFN3_MP2 1.139 
BFN3_MP3 1.133 
HC01_MP1 1.148 
HC01_MP2 1.127 
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Chapter 4 Data Analysis 
 
4.1 Introduction 
The analysis is an important component of the project which aims to identify a 
pattern within the gathered data sets that explains the swelling of overburden and 
what components affect the swelling the most. This will be done by using a 
combination of principal component analysis (PCA) and partial least squares of the 
a priori data to mathematically and graphically represent the relationship of the data 
sets and the swell factor.  
 
4.2 Sample Set  
 
All values for the sample set have been calculated or discovered by methods stated 
earlier and put together to create a sample set. However as we are trying to create a 
model that can predict the swell factor given particular parameters, the swell factor 
for five samples (a minimum of one from each site location) have been excluded to 
imitate future blast scenarios that require their swell factor to be predicted. The 
sample set has been divided into two sets Training and Test. Refer to Appendix B 
for the original and the original with unknown swell factor samples data sets.  
 
4.3 Training Samples (Calibration) 
 
The Training sample will be used for the PCA and PLS models and is the set used 
for the calibrating or “fitting” the model. The training sample set contains samples 1 
– 17. It does not include samples 18-22 as these samples are “missing” their swell 
factor variables. Refer to Appendix B for the data set containing the training 
samples. 
 
4.4 Test Samples (Validation) 
 
The test samples check whether the model is capable of performing its task on a 
separate set of test samples. By using the test sample set the model is validated by 
comparing the predicted response variables with the known response variables. The 
model is validated if the prediction residuals are low and there is no evidence of lack 
of fit in the model. All regression modelling must include some form of validation 
to ensure the results obtained can be applied to new data.  
 
The Test set will use the samples that have the five swell factors excluded. As we 
already know these “missing” swell factors they can then be validated. Test sample 
2 contains rows 18 – 22. Refer to Appendix B for the data set containing the training 
samples. 
 
The sample set with the five missing swell factors is initially imported into the 
Unscrambler® X. The training and testing sample sets are then identified within the 
software for future analysis. 
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4.5 Principal Component Analysis 
 
PCA will be used to reveal any hidden structure within the training sample set. The 
intention is to provide a visual representation of the relationships between the 
samples and variables and provide insight into how measured variables cause some 
samples to be similar to, or how they differ from each other. 
 
4.5.1 Interpretation of the Summary Report 
 
Begin the analysis by reviewing the summary produced by the software in Figure 
4.1. 
  
 
 
  
Figure 4.1 Screenshot from the Unscrambler X showing the summary of PCA 
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Particular parameters selected for the PCA are identified within the summary. The 
parameters worth noting are: 
 
Algorithm used: Singular Value Decomposition (SVD). This algorithm was used as 
there are no missing values in the training sample set; the data set is “wide” meaning 
a large amount of variables and a smaller amount of samples are present and it 
produces higher accuracy results. 
 
Validation method: Cross Validation. The cross validation method was chosen as 
there are not enough samples to make a test set i.e. a second set to validate against.  
 
Cross Validation method: Full. The cross validation method uses the same sample 
set for both model estimation and testing. A few samples are left out from the 
calibration data set and the model is calibrated on the remaining data points. The 
values for the left-out samples are predicted and the prediction residuals are 
computed. The process is repeated with another subset of the calibration set, and so 
on until every object has been left out once; then all prediction residuals are 
combined to compute the validation residual variance and Root Mean Square Error 
(RMSE). 
 
Also worth noting is the optimal number of components. The software automatically 
selects the number of components requested based on the sample size (in our case 
seven), however after PCA has been performed the summary indicates that only 
three components are required to explain the training sample set.  
 
4.5.1 Interpretation of the Influence Plot 
 
Before attempting to identify any patterns and correlations it is necessary to 
investigate any outliers within the data that may affect the PC‟s. The software 
automatically identifies any possible outliers within the sample through the 
influence plot. The influence plot identifies the strongest outliers by placing them in 
the upper right corner of the plot, i.e. they have a large leverage and a high residual 
variance. In the current analysis, it can be seen that the software has not identified 
any samples as outliers. Refer to Figure 4.2 which identifies outliers. 
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Figure 4.2 Influence plot identifying outliers 
4.5.2 Interpretation of the Loadings Plot 
 
The x-loadings plot identifies the importance of each variance for the two 
components represented (PC1 and PC2). Variables close to each other in the plot 
will have a high positive correlation if the two components explain a large portion 
of the variance of X. The same is true for variables in the same quadrant lying close 
to a straight line through the origin. Variables in diagonally opposed quadrants will 
have a tendency to be negatively correlated.  
 
The correlation loadings plot is used to discover structure in the data more clearly. 
Correlation loadings are computed for each variable for the displayed Principal 
Components. In addition, the plot contains two ellipses that indicate how much 
variance is taken into account. The outer ellipse is the unit circle and indicates 100% 
explained variance. The inner ellipse indicates 50% of explained variance. The 
importance of individual variables is visualised more clearly in the correlation 
loadings plot compared to the standard loadings plot. Variables located in the inner 
circle do not contain enough structured variation to be discriminating for the swell 
factors. Refer to Figures 4.3 and 4.4 below. 
 
30 
 
 
Figure 4.3 Loadings plot 
Figure 4.4 Correlation loadings (X) plot 
 
From the analysis the quantities of explosives (kg) are revealed as having the largest 
variances for the two PC‟s and are independent of one another.  Perhaps there is 
some correlation between the quantities of Fortis and Fortan™ Coal 13 explaining 
the tendency of Fortan™ Coal 13 kg to lean toward Fortis kg. This is likely due to 
Fortis primarily being used for wet holes and Fortan™ Coal 13 capable of being 
used for dewatered holes. Other relationships can be identified between the 
variables. Some of which are self explanatory and others surprising. 
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From the Loadings Correlation plot we can see that all the properties of sandstone 
are related to one another by being in a straight line from the origin. Anfo %, 
Standoff and Siltstone % are correlated; however as the Siltstone % and Standoff are 
close to the origin they explain very little of the model and the relationship should 
be ignored. Anfo % and Fortis kg are negatively correlated demonstrated by being 
on the same line i.e. a line extending from Anfo % to Fortis Kg that passes through 
the origin.  
 
As mentioned before the ellipses in the x-correlation plot indicate 100% and 50% of 
the explained variances. Figure 4.5 shows the variables that do not contain enough 
structured variance to be discriminating for the swell factor.  
 
 
Figure 4.5 Variables with low structured variance 
Table 4.1 below clarifies the x-correlation plot for PCA. 
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Category Variables within inner circle 
(explain little of the model) 
Variables between inner 
and outer circle (explain 
allot of the model) 
Drill Parameters Stand Off  Number of Holes 
Burden Average Depth 
Spacing  
Drill Diameter  
Stemming  
Explosive 
Parameters 
Swell Factor Quantity of Fortan™ Coal 
13  (kg) 
Powder factor Quantity of Fortis (kg) 
Percentage of Fortis Quantity of Anfo (kg) 
Fortis VOD Percentage of Anfo 
Fortis Density  
Fortis Relative Weight Energy  
Fortis Relative Bulk Strength  
Fortis Absolute Weight Strength  
Percentage of Fortan™ Coal 13   
Fortan VOD  
Fortan Density  
Fortan Relative Weight Energy  
Fortan Relative Bulk Strength  
Fortan Absolute Weight Strength  
Anfo VOD  
Anfo Density  
Anfo Relative Weight Energy  
Anfo Relative Bulk Strength  
Anfo Absolute Weight Strength  
 
Geological 
Parameters 
Percentage of Sandstone  
Percentage of Siltstone  
Percentage of Claystone  
Claystone UCS  
Claystone Moisture Content  
Claystone Density  
Claystone Young’s Modulus  
Claystone Poisson’s Ratio  
Sandstone UCS  
Sandstone Moisture Content  
Sandstone Density  
Sandstone Young’s Modulus  
Sandstone Poisson’s ratio  
Siltstone UCS  
Siltstone Moisture Content  
Siltstone Density  
Siltstone Young’s Modulus  
Siltstone Poisson’s Ratio  
 Table 4.1 Clarification of the x-correlation plot as it relates to PCA 
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4.5.3 Interpretation of the Scores Plot 
 
The scores plot gives information about patterns in the samples. The scores plot for 
PC1 and PC2 is especially useful since these two components summarise more 
variation in the data than any other pair of components. Refer to figure 4.6 for the 
Scores plot identifying patterns. 
 
 
Figure 4.6 Scores plot identifying patterns 1 
  
The scores plot created from the analysis identifies a pattern in the Training samples 
from Central Valley (blue samples) in a line from the extreme of CVN9_MP6 in the 
top left quadrant to the opposite extreme in the bottom of the y-axis.  
 
Training samples from Boundary Hill (red samples) if not included with the Central 
Valley training samples are mainly situated in a line toward the top right corner. 
Training samples from Dunn Creek (green samples) have large positive y values and 
are situated to the upper left and upper right corners. 
 
Variables within the correlation loadings plot and the scores plot can be related to 
one another. The position of the variables within the scores plot represents the 
amount of variance as indicated by the variables in the correlation loadings plot. 
Remember the x variables within the inner ellipse of the correlations plot do not 
contain enough structured variance to help distinguish the swell factor and are not 
worth cross referencing.  
 
Now looking at both the scores and the correlations loading plot we can cross 
reference the parameters to each sample. Refer to figures 4.6 above and 4.7 below 
for cross referencing explanations. 
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Figure 4.7 Scores plot identifying patterns 2 
Training samples taken from Central Valley occurring in the top left quadrant have 
larger quantities and of Anfo than those at the bottom of the line 1. CVN9_MP6 is 
identified as having a large quantity of Anfo. As the training samples spread along 
the line towards the negative y-axis (negative PC1) it is showing that the quantity 
and percentage of the Anfo is decreasing. As the Anfo decreases and the quantity of 
Fortis and Fortan™ Coal 13  increases the samples are dragged in the positive x-axis 
(positive PC2) direction. Those values at the bottom of the line have both low 
quantities of Anfo, Fortis and Fortan™ Coal 13 . 
 
As mentioned before the training samples from Boundary Hill, if not included with 
the Central Valley training samples, are mainly situated in a line toward the top right 
corner (line 2). The training samples S21_MP3, S22_MP1 and S29_MP1 have an 
average quantity of Anfo but have been pulled off line 1 as they contain high 
quantities of Fortis or Fortan™ Coal 13 . The samples are either side of the line with 
larger percentages of Fortan™ Coal 13  above the line and those with larger 
percentages of Fortis below the line. Those samples closer to the origin have lower 
quantities (kg‟s) than those further away. The training samples taken at Dunn Creek 
have either large quantities of Anfo or Fortan. This is illustrated by the samples 
occurring at the top of each line. 
 
From the Principal Component Analysis we can see that the high variances of each 
explosive quantity affect each training sample. But do they explain the differences 
in swell factor? Do different combinations of explosive quantities cause the swell 
factor in Central Valley to be lower than those in Dunn Creek or Boundary Hill? 
These questions can be answered by making regression models for the response 
variables (y, swell factors) and the remaining drill, explosive and geological 
variables remaining (x values) and analysing the results for a possible solution. 
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4.6 Partial Least Squares Regression (PLS) All Data 
Included 
 
Is it possible to predict the swell factor in each of the blasts by using the drill, 
explosive and geological parameters? The next task in this investigation is to make a 
regression model between the swell factor (y, response variables) and remaining 
data (X variables) and analyse the results for a possible solution. The regression 
model used will be a Partial Least Squares regression model calibrated by the 
Training sample set. 
 
4.6.1 Interpretation of the Summary Report 
 
PLS was performed using the Training sample set with the drill, explosive and 
geological variables (x=variables) as the x-matrix and the swell factor as the y-
matrix (response values). The analysis begins by reviewing the summary produced 
by the software. refer to Figure 4.8. 
 
 
 
 
Figure 4.8 Screenshot from the Unscrambler X showing the summary of PLS 
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Particular parameters selected for the PLS are identified within the summary. The 
parameters worth noting are: 
 
Algorithm used: NIPALS (Non-linear Iterative Partial Least Squares). NIPALS 
was used as it does not require large data sets (thousands of variables) and is useful 
when only the first few factors of a large data set need to be calculated.  
 
Validation method: Cross Validation. The cross validation method was chosen as 
there are not enough samples to make a second test set i.e. a second set to validate 
against.  
 
Cross Validation method: Full. The cross validation method uses the same sample 
set for model estimation and testing. A few samples are left out from the calibration 
data set and the model is calibrated on the remaining data points. Then the values 
for the left-out samples are predicted and the prediction residuals are computed. The 
process is repeated with another subset of the calibration set, and so on until every 
object has been left out once; then all prediction residuals are combined to compute 
the validation residual variance and Root Mean Square Error (RMSE). 
 
Weights: 1/SDev. The purpose of selecting this kind of weight application is to give 
all variables included in the analysis an equal chance to influence the model, 
regardless of their original variances. 
Also worth noting is the optimal number of factors. The software automatically 
selects the number of factors requested based on the sample size (in our case seven), 
however after PLS has been performed the summary indicates that only three factors 
are required to explain the response variables in the Training sample set. The 
summary also shows the samples and variables used for the x variables (X) and 
response variables (Y).  
 
4.6.2 Interpretation of the Explained and Residual 
Variance Plot 
 
This plot illustrates how much of the variation in the responses (swell factors) is 
described by each different factor. Models with small (close to 0) total residual 
variance or large (close to 100%) total explained variance explain most of the 
variation in Y. Figures 4.9 and 4.10 shows the explained and residual variance plots 
created by the software. The calibration variance is based on fitting the calibration 
data to the model. The validation variance is computed by testing the model on data 
that were not used to build the model. Notice that the validation line (red) in the 
residual variance plot is at its lowest point at the third factor and begins to 
progressively lift again towards the last factor.  This may be due to noisy data or 
data that misrepresents the response values. This is supported by the variance 
reducing as it approaches the seventh factor demonstrated by the validation line 
lowering away from the calibration line in the explained variance plot. The 
validation line follows and is relatively close to the calibration line meaning the 
model should describe new data well. 
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Figure 4.9 Residual variance plot 
  
 
Figure 4.10 Explained variance plot 
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4.6.3 Interpretation of the Predicted vs. Reference Plot 
 
The predicted vs. reference plot is a good way of determining if the predicted y-
values are close to the measured y-values. Figure 4.11 shows the predicted vs. 
Reference plot created by the software. In our case the y-values are the swell factors 
with the measured values in blue and predicted values in red. The predicted values 
are shown close to their corresponding measured values indicating that the predicted 
values are close to the measured values.  
 
 
Figure 4.11 Predicted vs. reference plot 
The plot also shows the Root Mean Square Error (RMSE) and R-squared values. 
The R-squared values tell us how good a fit can be expected for future predictions. 
The first one (blue) is the raw R-squared of the model; the second one (red) is called 
the adjusted R-squared value. The closer the adjusted R-squared value is to the raw 
R-squared value shows how close the predicted values are to the measured. The 
value of the R-squared values also tells us how good a fit can be expected for future 
predictions. R-squared varies between 0 and 1. A value of 0.9 is usually considered 
as good. In our analysis the raw R-squared calibration value, is 0.953 indicating that 
the x values of the test sample predict the y values of the Training sample well. The 
adjusted R-squared value is 0.886 which is close to 0.9 and is also considered a 
good result. 
 
The Root Mean Square Error (RMSE) gives the error that can be expected in the y-
values in the same units as the y-value. The Root Mean Square Error (RMSEC) for 
the calibration swell factor is 0.0158 or 1.58 percent and the Root Mean Square 
Error (RMSEP) for the predicted swell factor is .0263 or 2.63 percent. This means 
that any predicted swell factors may have an error of plus or minus 2.63 percent. 
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4.6.4 Interpretation of the Correlation Loadings X and 
Y plot 
   
 As found in the analysis, the geological parameters and the quantities of explosives 
are revealed as having the largest variances for the two factors. Again there may be 
some correlation between the quantities of Fortis and Fortan™ Coal 13  explaining 
Fortan™ Coal 13  kg and Fortis kg being relatively close in the same quadrant 
(bottom right). Other relationships can be identified.  
 
From the correlation loadings (x and y) plot (Figure 4.12) we can see that all the 
properties sandstone density, siltstone moisture content and Poisson‟s are negatively 
correlated to sandstone UCS, Poisson‟s ratio, Young‟s modulus, moisture content 
and siltstone UCS, density and Young‟s modulus by being in a straight line from 
one group to the other through the origin. Fortis kg and claystone properties have a 
high positive correlation as they are closely grouped together. Sandstone UCS, 
Poisson‟s ratio, Young‟s modulus, moisture content and siltstone UCS, density, 
Young‟s modulus and the swell factor have a high positive correlation as they are 
closely grouped together.  
 
As mentioned before the ellipses in the x-correlation plot indicate 100% and 50% of 
the explained variances. Figure 4.12 identifies the variables that do not contain 
enough structured variance to be discriminating for the swell factor inside the inner 
ellipse.  
 
Figure 4.12 Correlation Loadings Plot (X and Y) 
 
The below table 4.2 clarifies the x-correlation plot. 
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Category Variables within inner circle (explain 
little of the model) 
Variables between inner and 
outer circle (explain a lot of 
the model) 
Drill 
Parameters 
Stand Off   
Burden  
Spacing  
Drill Diameter  
Stemming  
Number of Holes  
Average Depth  
Explosive 
Parameters 
Swell Factor Quantity of Fortan™ Coal 13  
(kg) 
Powder factor Quantity of Fortis (kg) 
Percentage of Fortis Fortis VOD 
Percentage of Fortan™ Coal 13  Fortis Density 
 Percentage of Anfo Fortis Relative Weight Energy 
 Quantity of Anfo (kg) Fortis Relative Bulk Strength 
 Anfo VOD Fortis Absolute Weight 
Strength 
 Anfo Density  
 Anfo Relative Weight Energy  
 Anfo Relative Bulk Strength  
 Anfo Absolute Weight Strength  
 Fortan VOD  
 Fortan Density  
 Fortan Relative Weight Energy  
 Fortan Relative Bulk Strength  
 Fortan Absolute Weight Strength  
Geological 
Parameters 
Percentage of Sandstone Percentage of Claystone 
Percentage of Siltstone Claystone UCS 
 Claystone Moisture Content 
 Claystone Density 
 Claystone Young’s Modulus 
 Claystone Poisson’s Ratio 
 Sandstone UCS 
 Sandstone Moisture Content 
 Sandstone Density 
 Sandstone Young’s Modulus 
 Sandstone Poisson’s ratio 
 Siltstone UCS 
 Siltstone Moisture Content 
 Siltstone Density 
 Siltstone Young’s Modulus 
 Siltstone Poisson’s Ratio 
Table 4.2 Clarification of the x-correlation plot as it relates to PLS 
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4.6.5 Interpretation of the Scores Plot 
 
 
Figure 4.13 Scores plot (PLS) 
The scores plot (Figure 4.13 above) created from the analysis identifies grouping of 
the Training samples from Boundary Hill (red) in a line from the extreme of 
CVN9_MP6 in the bottom right quadrant to the opposite extreme at the top of the y-
axis.  
 
Training samples from Central Valley (blue), are mainly situated around the x-axis 
with low y-axis values. Training samples from Dunn Creek (green) follow the same 
trend as the samples from Boundary Hill. Now looking at both the scores and the 
correlations loading plot we can cross reference the parameters to each sample. 
Refer to figures 4.12 and 4.13 for cross referencing explanations. 
 
Training samples taken from Boundary Hill occurring in the bottom right quadrant 
have larger quantities of Fortis of Fortan™ Coal 13 than those at the top of the line 
(line 1 in Figure 5.13). HC01_MP1 is identified as having a large quantity of Fortis 
and Fortan™ Coal 13. As the training samples spread along the line towards the 
positive y-axis it is showing that the quantity of Fortis and Fortan is decreasing. As 
the quantities decrease the samples are pushed in the negative x-axis direction by the 
reduction of Fortan™ Coal 13 and in the positive y-axis direction by the reduction 
of Fortis. Those values at the top of the line have both low quantities of Fortis and 
Fortan™ Coal 13. 
 
As mentioned before Training samples from Central Valley (blue) are mainly 
situated around the x-axis with low y-axis values. These training samples have low 
quantities of Fortis and Fortan™ Coal 13. As there is no other major influence on 
the samples from central valley they are in the opposite half of the ellipse. The 
samples are either side of the x-axis with samples containing quantities of Fortis and 
Fortan™ Coal 13 below the line and those without quantities of Fortis or Fortan™ 
Coal 13 above the line.  
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The training samples taken at Dunn Creek follow the same patterns as Boundary 
Hill. 
 
From the Partial Least Squares regressions we can see that the high variances of the 
Fortis and Fortan™ Coal 13 explosive quantities affect each Training sample. 
Unlike PCA the quantity of Anfo was not detected as a major source of influence. 
Also in addition to the explosive quantities relationships for geological parameters 
were identified. To support or dispel these new realisations a weighted regression 
coefficients plot will be created and analysed. 
 
4.6.6 Interpretation of the Weighted Regression 
Coefficients Plot 
 
Regression coefficients summarise the relationship between all predictors (x-
variables) and a given response (y). The regression coefficients for the three factors 
summarise the relationship between the predictors and the response as a model with 
three components approximating it. The weighted regression coefficients (Bw) 
provide information about the importance of the X-variables. X-variables with a 
large regression coefficient play an important role in the regression model; a 
positive coefficient shows a positive link with the response, and a negative 
coefficient shows a negative link. Predictors with a small coefficient are negligible.  
 
From the weighted regression coefficient plot (refer to figure 4.14 below) it is 
instantly noticeable that the geological parameters of sandstone and siltstone are 
important to the description of the swell factor both positively and negatively. It is 
surprising to see that the quantities of explosives do not play a large part in 
describing the swell factor as indicated in the scores and correlation loadings (x and 
y) plot. However in the scores and loadings plot it was indicated that specific 
properties of siltstone and sandstone were highly and positively correlated to the 
swell factor by being grouped closely to it or high and negatively correlated by 
being connect by a line through the origin (refer to Figure 4.12). This has been 
supported by the weighted regression coefficients plot. The predictors (x-values) 
with small coefficients should be identified and the model recalculated without 
those variables. Before doing this we will test the PLS model using all the x-values 
by creating a regression model that predicts swell factor firstly based on the 
Training samples and then on the test samples. We can compare the response values 
from the prediction against the swell factors from the Training data and the response 
values from the Test data against the “missing” swell factors in the original data set 
(refer to Appendix B to view the data sets). 
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Figure 4.14 Weighted regression coefficients 
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  4.6.7 Prediction 
 
Prediction (estimation of unknown response values using a regression model), is the 
main purpose of most regression applications. Regression models are mainly used to 
predict the response value for new samples. Models are developed to allow the 
prediction of these values rather than performing reference measurements, which are 
often time consuming and expensive. Common applications include the use of 
predictive models for real-time measurements of quality in a number of industrial 
and research settings. 
 
The purpose of the model previously developed (PLS) was to predict the swell 
factor based on drill, explosive and geological values that were measured for the 
samples. The regression model for the prediction is based on the x-values and the B 
coefficients calculated from the PLS using the Training sample. The prediction 
regression model produced by the software provides a predicted with deviation plot 
which shows the predicted y-values, in our case the swell factor, with their possible 
deviation. Appendix F shows the predicted deviation plot produced by the software. 
 
The following table 4.3 was created to compare the predicted swell factors using the 
drilling, explosive and geological parameters produced by the prediction regression 
model using the Training sample against the measured swell factors. 
 
Blast 
Swell Factor - 
Measured 
Swell Factor-
Predicted 
Swell Factor-
Deviation 
Difference 
CVN9_MP1 1.0099 1.0192 0.0243 0.933% 
CVN9_MP4 1.0560 1.0282 0.0147 -2.780% 
CVN9_MP5 1.0150 1.0318 0.0181 1.679% 
CVN9_MP5B 1.0560 1.0359 0.0157 -2.013% 
CVN9_MP6 1.0140 1.0118 0.0196 -0.227% 
CVS5_MP1 1.0311 1.0310 0.0123 -0.007% 
CVS5_MP2 1.0143 1.0352 0.0133 2.095% 
S29_MP1 1.1670 1.1560 0.0280 -1.099% 
S28_MP1 1.1770 1.1670 0.0198 -1.000% 
S21_MP2 1.1980 1.1975 0.0174 -0.049% 
S21_MP3 1.1840 1.1785 0.0191 -0.548% 
S21_MP4 1.1790 1.1764 0.0258 -0.255% 
S22_MP1 1.1960 1.1781 0.0213 -1.792% 
S22_MP2 1.1930 1.1859 0.0188 -0.713% 
BFN3_MP2 1.1390 1.1514 0.0168 1.244% 
BFN3_MP3 1.1330 1.1708 0.0170 3.783% 
HC01_MP1 1.1480 1.1555 0.0222 0.748% 
 Table 4.3 Comparison of the predicted swell factors using the drilling, explosive and 
 geological parameters produced by the prediction regression model using the Training 
 sample against the measured swell factors. 
From table 4.3 we can see that the predicted swell factors and the measured swell 
factors are relatively close. The highlighted differences are those that are larger or 
smaller than plus or minus two percent. 
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A second regression model that predicts the swell factor is created this time using 
the Test sample data. The regression model will again use the x-values and B 
coefficients from the Training samples but this time apply them to the Test sample 
data to calculate the swell factors. Appendix G shows the resulting plot.  
 
The following table 4.4 was created to compare the predicted swell factors 
calculated using the drilling, explosive and geological parameters from the Test 
sample against the measured swell factors.  
 
Blast 
Swell Factor - 
Measured 
Swell Factor-
Predicted 
Swell Factor-
Deviation 
Difference 
CVN9_MP2 1.056 1.056561232 0.028741848 0.06% 
CVN9_MP3 1.03029 1.042155027 0.022792576 1.19% 
S29_MP2 1.163 1.167538881 0.026152287 0.45% 
S29_MP3 1.184 1.187486529 0.018532583 0.35% 
HC01_MP2 1.127 1.171749234 0.026832653 4.47% 
 Table 4.4 Comparison of the predicted swell factors calculated using the drilling, explosive 
 and geological parameters from the Test sample against the measured swell factors.  
 
From the table we can see that the predicted swell factors and the measured swell 
factors are relatively close besides the HC01_MP2 sample. The highlighted 
differences are those that are larger or smaller than plus or minus two percent. 
 
While interpreting the weighted regression coefficients plot several x-variables were 
identified to have low coefficients meaning they are unimportant or negligible for 
the prediction. As mentioned before these should be removed and the PLS and 
predictions recalculated.  
 
4.7 Partial Least Squares Regression (PLS) Low 
Coefficients Removed 
The next task in this investigation was to make a regression model between the 
swell factor (y, response variables) and remaining data (X variables) and analyse the 
results for a possible solution. The regression model used will be a Partial Least 
Squares regression model using the Training sample as before but with the x-values 
with low coefficients removed. Table 5.5 below shows which variables have been 
excluded and which have been included in the new Training and Test sets. 
Appendix B shows the new samples in their entirety and Appendix C shows the 
weighted regression coefficients plot with the x-variables hatched for removal. The 
new Training and Test samples will be called Training sample set 2 and Test sample 
set 2. 
 
 
 
 
 
 
 
 
 
 
46 
 
Category Variables excluded from 
Training and Test samples 
Variables included in Training 
and Test samples. 
Drill Parameters Stand Off  Burden 
Drill Diameter Spacing 
Stemming  
Number of Holes  
Average Depth  
Explosive 
Parameters 
Percentage of Anfo Powder factor 
Anfo VOD Quantity of Anfo (kg) 
Anfo Density  
Anfo Relative Weight Energy  
 Anfo Relative Bulk Strength  
 Anfo Absolute Weight Strength  
 Percentage of Fortan™ Coal 13   
 Quantity of Fortan™ Coal 13  (kg)  
 Fortan VOD  
 Fortan Density  
 Fortan Relative Weight Energy  
 Fortan Relative Bulk Strength  
 Fortan Absolute Weight Strength  
 Percentage of Fortis  
 Quantity of Fortis (kg)  
 Fortis VOD  
 Fortis Density  
 Fortis Relative Weight Energy  
Fortis Relative Bulk Strength  
Fortis Absolute Weight Strength  
Geological 
Parameters 
Percentage of Claystone Sandstone UCS 
Claystone UCS Sandstone Moisture Content 
Claystone Moisture Content Sandstone Density 
Claystone Density Sandstone Young’s Modulus 
Claystone Young’s Modulus Sandstone Poisson’s ratio 
Claystone Poisson’s Ratio Siltstone UCS 
 Siltstone Moisture Content 
 Siltstone Density 
 Siltstone Young’s Modulus 
 Siltstone Poisson’s Ratio 
 Table 4.5 showing the included and excluded variables from the training and test 
 samples. 
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4.7.1 Interpretation of the Summary Report 
 
PLS was performed using Training sample set 2 with the drill, explosive and 
geological variables (x=variables) as the x-matrix and the swell factor as the y-
matrix (response values). The analysis begins by reviewing the summary produced 
by the software. Refer to figure 4.15. 
 
   
Figure 4.15 Screenshot of PLS summary 2 
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The same parameters were selected for the previous PLS: 
 
Algorithm used: NIPALS (Non-linear Iterative Partial Least Squares).  
 
Validation method: Cross Validation.  
 
Cross Validation method: Full.  
 
Weights: 1/SDev.  
 
Optimal number of Factors: One. This time the software indicates that only one 
factor is required to explain Training sample set 2. The summary also shows the 
samples and variables used for the x variables (X) and response variables (Y), note 
the x variables excluded.  
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4.7.2 Interpretation of the Explained and Residual 
Variance Plot 
 
Refer to figures 4.16 and 4.17 for the explained and residual variance plot created 
by the software. 
 
 
Figure 4.3 Residual variance 
 
Figure 4.16 Explained variance 
The validation (red) line in the residual variance plot drops significantly at the first 
factor and begins to progressively dip towards the last factor.  This is different to the 
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previous validation line in the residual variance plot for Test sample (remember the 
previous line began to rise away from the x-axis as it approached the seventh factor) 
and is likely due to the removal of noisy data or data that misrepresents the response 
values. This is supported by the variance rapidly increasing for the first factor then 
slowly rising as it approaches the seventh factor. The validation line follows and is 
closer to the calibration line than before meaning the model should better describe 
new data. 
4.7.3 Interpretation of the Predicted vs. Reference Plot 
 
The predicted values are shown close to their corresponding measured values 
indicating that they are close to the measured values. Refer to Figure 4.18 below. 
 
 
Figure 4.17 Predicted vs. reference plot (PLS) 
In our analysis the raw R-squared calibration value is 0.930 indicating that the x 
values of the test sample predict the y values (swell factors) of the Test sample well 
however not as good as the previous R-squared calibration value (0.953). The R-
squared adjusted value is 0.912 which is closer to the calibration R-Squared than 
that in the previous PLS showing that the there is a better likely hood that the 
predicted swell factor will be closer to the measured swell factors. 
 
The Root Mean Square Error (RMSE) gives the error that can be expected in the y-
value in the same units as the y-value. The Root Mean Square Error (RMSEC) for 
the calibration swell factor is 0.0193 or 1.193% and the Root Mean Square Error 
(RMSEP) for the predicted swell factor is .0231 or 2.31%. This means that any 
predicted swell factors may have an error of plus or minus 2.31%. Are these results 
better than the previous PLS? Although the predicted error is less than previous 
(2.63%) the data does not fit as closely represented by the lower RMSEC value. 
Further analysis is required. 
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4.7.4 Interpretation of the Correlation Loadings X and 
Y Plot 
 
From the analysis the geological parameters are revealed as having the largest 
variances for the two factors. Refer to figure for the following patterns identified: 
From the correlation loadings (x and y) plot we can see that all the properties 
sandstone density, siltstone moisture content and Poisson‟s are negatively correlated 
to sandstone UCS, Poisson‟s ratio, Young‟s modulus, moisture content and siltstone 
UCS, density and Young‟s modulus by being in a straight line (line 1) from one 
group to the other through the origin. This is the same as the previous PLS indicated 
however the groups have changed to the opposite sides of the x-axis. The sandstone 
and siltstone percentages are negatively correlated (line 2). The powder factor and 
spacing are positively correlated as the form a line between each other extending 
away from the origin (line 3). Sandstone UCS, Poisson‟s ratio, Young‟s modulus, 
moisture content and siltstone UCS, density, Young‟s modulus and the swell factor 
have a high positive correlation as they are closely grouped together (circled 
variables).  
 
As mentioned before the ellipses in the x-correlation plot indicate 100% and 50% of 
the explained variances. Figure 4.19 identifies the variables that do not contain 
enough structured variance to be discriminating for the swell factor inside the inner 
ellipse.  
 
 
Figure 4.18 Correlation loadings (X and Y) 
 
The below table 4.6 clarifies the x-correlation plot. 
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Category Variables within inner circle 
(explain little of the model) 
Variables between inner and 
outer circle (explain allot of 
the model) 
Drill Parameters Stand Off  Spacing 
Drill Diameter Swell Factor 
Stemming  
Number of Holes  
Average Depth  
Burden  
  
Explosive 
Parameters 
Powder factor  
Quantity of Anfo (kg)  
Geological 
Parameters 
Percentage of Siltstone Percentage of Sandstone 
 Sandstone UCS 
 Sandstone Moisture Content 
 Sandstone Density 
 Sandstone Young’s Modulus 
 Sandstone Poisson’s ratio 
 Siltstone UCS 
 Siltstone Moisture Content 
 Siltstone Density 
 Siltstone Young’s Modulus 
 Siltstone Poisson’s Ratio 
 Table 4.6 Clarification of the x-correlation plot identifying the variables of importance 
 and variables of little effect.  
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4.7.5 Interpretation of the Scores plot 
 
The scores plot (figure 4.20) created from the analysis identifies grouping of the 
samples from Boundary Hill (red) in a cluster just above the x-axis in the far right. 
Samples from Central Valley (blue) are mainly situated around the x-axis with low 
y-axis values. Samples from Dunn Creek (green) follow the same trend as the 
samples from Boundary Hill however are just below the x-axis. 
 
 
Figure 4.19 Scores plot 
Now looking at both the scores and the correlations loading plot we can cross 
reference the parameters to each sample. Refer to Figures 4.19 and 4.20 above for 
cross referencing explanations. 
 
Samples taken from Boundary Hill and Dunn Creek occur close to the swell factor 
value as the have relatively high swell factors. The clusters are either side of the x-
axis due to the size of their swell factors and percentage of siltstone. Boundary Hill 
samples have higher swell factors and siltstone content causing it to be above the x-
axis while Dunn Creek factors have lower swell factors and less siltstone. 
 
As mentioned before the samples taken from Central Valley are mainly situated 
around the x-axis with low y-axis values. These training samples have low swell 
factors. The samples are either side of the x-axis due to their varying swell factors 
and percentages of siltstone and sandstone. Those samples with larger percentages 
of sandstone with smaller swell factors are below the x-axis and the samples above 
the x-axis have lower percentages of sandstone with higher swell factors. 
 
From the Partial Least Squares regressions we can see that the high variances of the 
swell factors affect each training sample and again the geological factors were 
detected as the major source of influence. To support or dispel these new 
realisations a weighted regression coefficients plot will be created and analysed. 
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4.7.6 Interpretation of the Weighted Regression 
Coefficients Plot 
 
From the weighted regression coefficient plot (refer to figure 4.21) it is instantly 
noticeable that nearly all of the x-values are important to the description of the swell 
factor both positively and negatively. This result is much better than that produced 
by the previous PLS. 
 
 
Figure 4.20 Weighted regression coefficent plot 
   
4.7.7 Prediction 
 
The purpose of the model previously developed (PLS) was to predict the swell 
factor based on the new Training sample set 2 values. The regression model for the 
prediction is based on the x-values and the B coefficients calculated from the PLS 
using Training sample set 2. The prediction regression model produced by the 
software provides a predicted with deviation plot which shows the predicted y-
value, in our case the swell factor, and provides the possible deviation. Appendix D 
shows the predicted with deviation plot created by the software. 
 
The following table 4.7 was created to compare the predicted swell factors using the 
drilling, explosive and geological parameters from Training sample set 2 against the 
measured swell factors. We can see that the predicted swell factors and the 
measured swell factors are relatively close. The highlighted differences are those 
that are larger or smaller than plus or minus two percent. Compared to the previous 
prediction the new prediction model produces more results above two percent. Four 
differences above 2% using Training sample set and seven differences above 2% 
using Training sample set 2. 
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Blast 
Swell Factor - 
Measured 
Swell Factor-
Predicted 
Swell Factor-
Deviation 
Difference 
CVN9_MP1 1.0099 1.025913954 0.028046682 1.601% 
CVN9_MP4 1.056 1.024994493 0.021809269 -3.101% 
CVN9_MP5 1.015 1.027822256 0.022078607 1.282% 
CVN9_MP5B 1.056 1.027782202 0.015713163 -2.822% 
CVN9_MP6 1.01403 1.02325213 0.02873094 0.922% 
CVS5_MP1 1.03107 1.029054284 0.013424072 -0.202% 
CVS5_MP2 1.01425 1.035056353 0.015462576 2.081% 
S29_MP1 1.167 1.158871055 0.031257443 -0.813% 
S28_MP1 1.177 1.167832017 0.018349564 -0.917% 
S21_MP2 1.198 1.182710171 0.018587682 -1.529% 
S21_MP3 1.184 1.17240274 0.018039551 -1.160% 
S21_MP4 1.179 1.176314354 0.015610868 -0.269% 
S22_MP1 1.196 1.175440073 0.019509507 -2.056% 
S22_MP2 1.193 1.177350163 0.024892999 -1.565% 
BFN3_MP2 1.139 1.165329337 0.01998828 2.633% 
BFN3_MP3 1.133 1.167167068 0.018331718 3.417% 
HC01_MP1 1.148 1.172956586 0.020309491 2.496% 
 Table 4.7 Comparison of the predicted swell factors using the drilling, explosive and 
 geological parameters from Training sample set 2 against the measured swell factors. 
 
A second regression model that predicts the swell factor is created this time using 
Test sample set 2. The regression model will again use the x-values and B 
coefficients from Training sample set 2 but this time apply them to the test samples 
to calculate the swell factors. The resulting plot can be seen in Appendix E.  
 
The following table 4.8 was created to compare the predicted swell factors 
calculated using the drilling, explosive and geological parameters from Test sample 
set 2 against the measured swell factors. 
 
Blast 
Swell Factor - 
Measured 
Swell Factor-
Predicted 
Swell Factor-
Deviation 
Difference 
CVN9_MP2 1.056 1.025828838 0.028711526 -3.009% 
CVN9_MP3 1.03029 1.028626204 0.020541614 -0.530% 
S29_MP2 1.163 1.169049144 0.031905588 0.605% 
S29_MP3 1.184 1.174010158 0.012740048 -0.999% 
HC01_MP2 1.127 1.175003171 0.024666972 4.800% 
 Table 4.8 Comparison of predicted swell factors calculated using drilling, explosive and 
 geological parameters from Test sample 2 against the measured swell factors. 
From the table we can see that three of the predicted swell factors and 
corresponding measured swell factors are relatively close however there are now 
two samples with a difference greater than two percent and the previous difference 
for sample HC01_MP2 has increased. 
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4.8 Results 
From the results of the two prediction models using test samples 1 and 2 it can be 
seen that test sample 1 predicts the swell factor closer to measured swell factors than 
test sample 2. 
 
Blast 
Swell Factor - 
Measured 
Swell Factor-
Predicted 
Swell Factor-
Deviation 
Difference 
CVN9_MP2 1.056 1.056561232 0.028741848 0.06% 
CVN9_MP3 1.03029 1.042155027 0.022792576 1.19% 
S29_MP2 1.163 1.167538881 0.026152287 0.45% 
S29_MP3 1.184 1.187486529 0.018532583 0.35% 
HC01_MP2 1.127 1.171749234 0.026832653 4.47% 
Table 4.9 Test sample 1 prediction results identifying differences higher than plus or minus 2% 
 
Blast 
Swell Factor - 
Measured 
Swell Factor-
Predicted 
Swell Factor-
Deviation 
Difference 
CVN9_MP2 1.056 1.025828838 0.028711526 -3.009% 
CVN9_MP3 1.03029 1.028626204 0.020541614 -0.530% 
S29_MP2 1.163 1.169049144 0.031905588 0.605% 
S29_MP3 1.184 1.174010158 0.012740048 -0.999% 
HC01_MP2 1.127 1.175003171 0.024666972 4.800% 
Table 4.10 Test sample 2 prediction results identifying differences higher than plus or minus 2% 
 
As mentioned before the Root squared error for test sample 1 is higher than that of 
test sample 2 indicating that by including all the drill, explosive and geological 
parameters a better calibration is produced. Test sample 2 on the other hand had a 
lower R squared value but also a lower RMSEC and RMSEP value. This indicated 
that test sample 2 had a lower possible error when predicting the swell factor but 
that error is based on a calibration that does not represent the model as close as test 
sample 1. 
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Chapter 5 Conclusions and Recommendations 
 
5.1 Introduction 
 
From these results have the objectives of this investigation reached? Two main 
outcomes were desired from the completion of this investigation; the validation of 
the current swell factor and the ability to predict the swell factor. The literature and 
research performed has been sufficient for the attempt of theses aims. 
 
5.2 Conclusions 
Validation of the current swell factor of 1.18 used throughout mine site was 
requested by BCO. In the investigation the swell factors for 22 different blasts were 
measured and the average found to be 1.112. This figure is significantly lower 
however for complete validation consideration must be given as to whether an 
average is suitable for use at all.  The highest swell factor found in the sample set 
was 1.198 at Boundary Hill and the lowest 1.010 at Central Valley; this means that 
when using the current average at Central Valley it is possible for calculations 
involving the swell factor to have significant error while at Boundary Hill the 
possible error is much lower. By using the average from the new swell factors 
obtained the extremes are not as large as Boundary Hill differences increase while 
the Central Valley differences decrease. The measured average from this 
investigation would be most suited at Dunn Creek which may explain the original 
figure. Dunn Creek was the first site location to produce coal at Callide and it is 
highly likely that swell factor testing was performed in area. 
 
My belief is that an average for the entire site should not be used. If simplicity is 
sought after than perhaps an average swell factor of each site could be used. 
However again we have to consider if this is actually a good representation of the 
true swell factor. As the mine geology can change dramatically so can drill design 
parameters and explosive parameters which can allow for a larger variance in the 
swell factor. As this variance increases the likelihood of the average fitting closely 
reduces. The average swell factor for each site location would be a better 
representation of the whole mine site but is not the best. 
 
The most accurate swell factor is the one measured using Survey techniques. The 
swell factor obtained from measurement would be suitable for post processing 
applications but impossible to perform for pre-processing requirements. It is not 
possible to measure something that doesn‟t already exist. Or is it? By attempting to 
predict the swell factor based the drill design parameters, explosive parameters and 
geological parameters we are the theoretically measuring a very close approximate 
to the swell factor based on these parameters. We can measure the different 
parameters as proven in the Chapter 3 which after analysis can predict the swell 
factor. This form method of calculation is the best for pre-processing a swell factor. 
 
So referring back to our aims, has the swell factor been validated? Can the swell 
factor be accurately predicted? The answers to these questions have both been good. 
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Yes, a series of swell factors have been measured and an average obtained 
identifying the current swell factor should not be used, and yes the swell factor can 
be predicted accurately from drill design, explosive and geological parameters.  
 
Although good results have been achieved from this investigation do they give 
Anglo BCO the confidence to proclaim Callide mine compliant to their standards? I 
think by supplying BCO with the averages for each site will suffice for the 
explanation of the original swell factor and for future swell factor calculations. This 
is only the case until further research can be performed with a larger data set using 
information that represents the parameters more accurately. Recommendations for 
more accurate parameters can be found in section 5.4. 
 
Although confidence can be restored enough for now, with future research 
predicting the future is possible and done with a high sense of security. 
 
 
5.3 Recommendations for Practical Applications 
By being able to predict the swell factor the following could be achieved and much 
more. 
 
 Tighter design parameters 
 Better machine utilization 
 Increase estimations of time  
 Increase estimations of costing 
 Increase estimations of target volumes. 
 
The analysis possible from the sample set acquired also leads to theoretical 
applications as rearranging the predictor variables for a different response variable 
i.e. through the analysis of our existing sample set we should be able to find the best 
explosive parameters based on the drill design parameters to suit the geological 
parameters. Analysis of this sort may require further investigation into the 
parameters of each area but complex analysis of this nature should be possible. If 
the requirements based on measurable parameters can be accurately predicted than 
decrease in cost and increase in production improvement may be possible. 
5.4 Recommendations for Future Research 
Recommendations for future research are generally aimed at the measurement of the 
parameters used in the analysis. 
 
5.4.1 Drill design 
The drill design parameters used in the sample set were design parameters. 
Measurement of the parameters actually drilled is possible but were not a resource 
available. If the data for the actual drill holes was also used in the sample set 
relationships between parameters may change. Also relationships may appear 
between the actual and design properties that could also lead to important factors 
explaining the swell factors.  
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5.4.2 Geology 
 
The acquisition of data for the geological parameters pertaining to physical rock 
properties used only a small amount of samples. This was due to only a small 
amount existing that contained complete sets of information suitable for analysis. It 
is recommended that further laboratory tests be performed at each site to increase 
the relationship between blast location and material properties.  
 
In addition to further field testing the accuracy of material percentages used in the 
sample set could be increased through the use of geological model that includes the 
entire lithology of the mine site. By having a model of this nature the percentage of 
each material in each blast could be better represented as well as volumes and many 
other seam characteristics. By increasing the percentage accuracy and increasing the 
number of geological parameters, other predictor variables may surface that may 
also play a significant part in predicting the swell factor. 
 
5.4.2 Survey 
 
When acquiring the blast profile some data was hidden or could not be reached 
using scanning or traditional survey techniques. This could be avoided by 
maintaining access on the opposite low wall for terrestrial scanning. Being on the 
low wall would allow the terrestrial scanner to look down on to the blast and see 
into the power trough. 
 
In some cases the surface would be disrupted before a survey could be performed. If 
the pre-blast surface could be acquired moments before the blast and the post blast 
surface obtained moments after the blast this would help ensure both surface were 
true representations and increase confidence and possible swell factor accuracies. 
 
 
 
5.5 Summary 
The investigation included many different professions and sources of information 
from with the mining industry and without. As a surveyor working in the mine 
utilising statistical analysis models to predict, relate or disregard data is a very 
useful tool to have. 
 
The analysis allowed for the validation of a new swell factor and a model that 
predicts it. Doing so should return confidence back to BCO that Callide mine is 
operating at its full potential. In addition to returning confidence it is hoped that the 
advantages multivariate analysis and regression methods have been identified and 
placed ideas in to the minds who read it. 
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University of Southern Queensland 
FACULTY OF ENGINEERING AND SURVEYING 
 
ENG 4111 Research Project 
PROJECT SPECIFICATION 
 
For:  Andrew Heit 
Topic: An investigation in to the parameters that affect the swell factor used 
in volume and design calculations at Callide open cut coal mine. 
Supervisor: Glenn Campbell 
Peter Mc Lure, Mine Planning Superintendant, Anglo Coal Callide 
Mine 
 
Project Aim: The project aim is to investigate the parameters that affect the swell 
factors used in design and reported volumes for different parts of the 
mining process and mining methods (drill and blast and dragline) at 
various locations around the site. 
 
SPONSORSHIP:  Anglo Coal Callide Mine 
 
Programme:   Issue A,  17
th
 March 2011 
1. Research the existing literature in relation to the variables that affect the 
swell factor and borehole geophysical methods. 
2. Collect the survey, geological and drill and blast data both past and present 
for each area of the mine. 
3. Analyse the drill and blast methods by considering the methods employed, 
desired fragmentation size, blasting agent and pattern. 
4. Analyse geological exploration data by considering the lithology, gamma 
radiation logs, and rock density.  
5. Develop a model that relates the a priori information to final swell factor 
using techniques like principle component analysis.  
6. Validate the model with an independent data set.  
7. Prepare and submit the final dissertation. 
AGREED: 
    (Student)      (Supervisor) 
 
Dated:    __17 / _03 / 2011 __                       __ / __  /__       __ / __  /__ 
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Appendix C - Weighted regression coefficients plot with the 
x-variables hatched for removal 
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Appendix D - The predicted deviation plot created by the software 
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Appendix E -  Blast Designs 
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Appendix G Percentages calculated for each blast 
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Area 
Blast 
Average drill 
hole depth 
(m) 
Amount of 
Sandstone (m) 
Amount of 
Siltstone 
(m) 
Amount of 
Claystone 
(m) 
Percentage of 
Sandstone (%) 
Percentage of 
Siltstone (%) 
Percentage of 
Claystone (%) 
C
e
n
tr
al
 V
al
le
y 
CVN9_MP1 16.00 8.016 7.9888 0 50.1 49.93 0 
CVN9_MP2 22.50 10.26 12.23775 0 45.6 54.39 0 
CVN9_MP3 32.00 27.008 5.0016 0 84.4 15.63 0 
CVN9_MP4 42.50 38.505 3.99925 0 90.6 9.41 0 
CVN9_MP5 25.00 12.525 12.48 0 50.1 49.92 0 
CVN9_MP5B 32.50 17.7125 14.77125 0 54.5 45.45 0 
CVN9_MP6 50.10 46.7934 3.33165 0 93.4 6.65 0 
CVS5_MP1 31.50 22.7745 8.757 0 72.3 27.80 0 
CVS5_MP2 30.85 18.9419 11.9081 0 61.4 38.60 0 
B
o
u
n
d
ar
y 
H
ill
 
S29_MP1 22.50 9.9 3.6 9 44 16.00 40 
S29_MP2 45.10 16.687 24.805 4.059 37 55.00 9 
S29_MP3 52.50 25.725 26.775 0 49 51.00 0 
S28_MP1 40.00 23.2 16.8 0 58 42.00 0 
S21_MP2 49.50 14.1075 35.3925 0 28.5 71.50 0 
S21_MP3 49.60 27.528 22.072 0 55.5 44.50 0 
S21_MP4 51.50 23.175 28.325 0 45 55.00 0 
S22_MP1 49.60 24.304 23.808 1.488 49 48.00 3 
S22_MP2 51.20 46.592 4.608 0 91 9.00 0 
D
u
n
n
 
C
re
e
k 
BFN3_MP2 76.50 56.2275 20.2725 0 73.5 26.50 0 
BFN3_MP3 66.30 45.747 20.553 0 69 31.00 0 
HC01_MP1 58.10 24.1115 6.6815 27.307 41.5 11.50 47 
HC01_MP2 53.50 19.795 6.6875 27.0175 37 12.50 50.5 
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Appendix H Drill and Blast Parameter Table
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  Blast 
Swell 
Factor 
Drill 
Diameter 
(mm) 
Burden 
(m) 
Spacing 
(m) 
Stand 
Off (m) 
Number 
of holes 
Average 
Depth 
(m) 
Stemming 
(m) 
Powder 
Factor 
(kg/bcm) 
C
e
n
tr
al
 V
al
le
y 
CVN9_MP1 1.010 200 7.0 8.0 3 81 16.00 3.5 0.56 
CVN9_MP2 1.056 200 7.0 8.0 3 114 22.50 3.5 0.48 
CVN9_MP3 1.030 270 9.0 11.5 3 148 32.00 5.0 0.50 
CVN9_MP4 1.056 270 8.0 12.0 3 129 42.50 5.0 0.45 
CVN9_MP5 1.015 230 9.0 8.0 3 52 25.00 4.0 0.43 
CVN9_MP5B 1.056 230 8.0 9.0 3 96 32.50 4.0 0.46 
CVN9_MP6 1.014 270 9.0 11.0 3 343 50.10 5.0 0.48 
CVS5_MP1 1.031 270 8.7 11.0 3 135 31.50 5.0 0.43 
CVS5_MP2 1.014 270 9.0 11.0 3 227 30.85 5.0 0.53 
B
o
u
n
d
ar
y 
H
ill
 
S29_MP1 1.167 270 8.0 10.0 8 421 22.50 5.0 0.30 
S29_MP2 1.163 270 9.0 12.0 3 439 45.10 5.0 0.29 
S29_MP3 1.184 270 9.0 12.0 3 186 52.50 5.0 0.51 
S28_MP1 1.177 270 8.0 11.0 3 133 40.00 5.0 0.61 
S21_MP2 1.198 270 9 12.5 3 264 49.5 5 0.54 
S21_MP3 1.184 270 7.75 12.5 0 145 49.6 5 0.6 
S21_MP4 1.179 270 8.6 12 0 264 51.5 5 0.6 
S22_MP1 1.196 270 10 12 3 208 49.6 5 0.48 
S22_MP2 1.193 270 9 12 5 260 51.2 5 0.45 
D
u
n
n
 C
re
e
k BFN3_MP2 1.139 270 9 12 3 160 76.5 5 0.49 
BFN3_MP3 1.133 270 9 12 3 223 66.3 5 0.51 
HC01_MP1 1.148 270 9 12 3 220 58.1 5 0.6 
HC01_MP2 1.127 270 10 12 3 216 53.5 5 0.54 
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Appendix K Explosive Parameter Table 
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Anfo 
% 
Anfo Kg 
Anfo 
VOD 
(km/s) 
 Anfo 
Density 
(g/cm3) 
Anfo 
Relative 
Weight 
Energy 
Anfo 
Relative 
Bulk 
Strength 
Anfo 
Absolute 
Weight 
Strength 
Fortis 
% 
Fortis Kg 
Fortis 
VOD 
(km/s) 
Fortis 
Density 
(g/cm3) 
Fortis 
Relative 
Weight 
Energy 
Fortis 
Relative 
Bulk 
Strength 
Fortis 
Absolute 
Weight 
Strength 
Fortan 
13 % 
Fortan 
13 Kg 
Fortan 
13 VOD 
(km/s) 
Fortan 
13 
Density 
(g/cm3) 
Fortan 
13 
Relative 
Weight 
Energy 
Fortan 13 
Relative 
Bulk 
Strength 
Fortan 13 
Absolute 
Weight 
Strength 
0 0 0.00 0.0 0 0 0 100 34611 5.1 1.25 103 155 3793.16 0 0 0 0 0 0 0 
47.5 30712 3.65 0.8 100 100 3824 0.5 353 5.1 1.25 103 155 3793.16 52 33428 5.1 1.3 118 189 4625.21 
55 103724 3.65 0.8 100 100 3824 4 7014 5.1 1.25 103 155 3793.16 41 77893 5.1 1.3 118 189 4625.21 
55 101116 3.65 0.8 100 100 3824 0 0 0.0 0.00 0 0 0.00 45 82099 5.1 1.3 118 189 4625.21 
59 24048 3.65 0.8 100 100 3824 0 0 0.0 0.00 0 0 0.00 41 16825 5.1 1.3 118 189 4625.21 
61 60094 3.65 0.8 100 100 3824 0 0 0.0 0.00 0 0 0.00 39 37862 5.1 1.3 118 189 4625.21 
71 540540 3.65 0.8 100 100 3824 0 0 0.0 0.00 0 0 0.00 29 223147 5.1 1.3 118 189 4625.21 
61 111053 3.65 0.8 100 100 3824 0 0 0.0 0.00 0 0 0.00 39 72088 5.1 1.3 118 189 4625.21 
73 197160 3.65 0.8 100 100 3824 0 0 0.0 0.00 0 0 0.00 27 118499 5.1 1.3 118 189 4625.21 
5 25215 3.65 0.8 100 100 3824 66 137217 5.1 1.25 103 155 3793.16 29 303025 5.1 1.3 118 189 4625.21 
44 416843 3.65 0.8 100 100 3824 1 9482 5.1 1.25 103 155 3793.16 55 529212 5.1 1.3 118 189 4625.21 
27.3 146150 3.65 0.8 100 100 3824 1.5 7586 5.1 1.25 103 155 3793.16 71.2 380720 5.1 1.3 118 189 4625.21 
85 19961 3.65 0.8 100 100 3824 0 0 0.0 0.00 0 0 0.00 15 34552 5.1 1.3 118 189 4625.21 
33 236773 3.65 0.8 100 100 3824 4 28413 5.1 1.25 103 155 3793.16 63 448652 5.1 1.3 118 189 4625.21 
33 127434 3.65 0.8 100 100 3824 0 0 0 0 0 0 0 67 255972 5.1 1.3 118 189 4625.21 
0 0 0 0 0 0 0 54 470765 5.1 1.25 103 155 3793.16 46 396971 5.1 1.3 118 189 4625.21 
69 26246 3.65 0.8 100 100 3824 1 127751 5.1 1.25 103 155 3793.16 30 270191 5.1 1.3 118 189 4625.21 
68 413425 4 1 100 100 3824 3 18608 5.1 1.25 103 155 3793.16 29 179419 5.1 1.3 118 189 4625.21 
67 396373 3.65 0.8 100 100 3824 0 0 0 0 0 0 0 33 196947 5.1 1.3 118 189 4625.21 
53 406048 3.65 0.8 100 100 3824 0.2 1547 5.1 1.25 103 155 3793.16 47 357285 5.1 1.3 118 189 4625.21 
0 0 0 0 0 0 0 54 433517 5.1 1.25 103 155 3793.16 46 362809 5.1 1.3 118 189 4625.21 
12.4 73447 3.65 0.8 100 100 3824 4.4 26123 5.1 1.25 103 155 3793.16 83.2 491252 5.1 1.3 118 189 4625.21 
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Appendix L Volume Calculations Produced by Minex mining 
package 
110 
 
============== 
TriangleVolume 
============== 
  
********** Triangle Volumetrics ************** 
  
Upper Triangles : P:\Personal\Uni\Research 
Project\Maptek\TRIANGULATION FILES\CVN9\MP1_PREBLAST_PROFILE.tr5 
                         : - Reference Datum :    200.00 : 
Sub Area :     1.0: - Cut Thick :  0.00  : 
  
                             Nett               Positive           
Negative 
  
Volume    cu.metres              1088819             1088819                   
0 
Area                               13814               13814                   
0 
Surface Area                       21882               21882                   
0 
  
  
============== 
TriangleVolume 
============== 
  
********** Triangle Volumetrics ************** 
  
Upper Triangles : P:\Personal\Uni\Research 
Project\Maptek\TRIANGULATION FILES\CVN9\MP1_POSTBLAST_PROFILE.tr5 
                         : - Reference Datum :    200.00 : 
Sub Area :     1.0: - Cut Thick :  0.00  : 
  
                             Nett               Positive           
Negative 
  
Volume    cu.metres              1099707             1099707                   
0 
Area                               13814               13814                   
0 
Surface Area                       22597               22597                   
0 
  
 
